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MICRODIFFUSION METHODS BASED ON THE 
BISULFITE REACTION 


II. DETERMINATION OF LACTIC ACID BY OXIDATION WITH 
CERIC SULFATE* 


By THEODORE WINNICK 


(From the Departments of Surgery and Physiological Chemistry, Wayne 
University College of Medicine, Detroit) 


(Received for publication, October 29, 1941) 


The Conway microdiffusion unit has proved a useful tool for 
a variety of biochemical determinations (1). This apparatus, 
which is simple in design and operation, can be substituted effec- 
tively in certain cases for relatively complicated and expensive 
manometric and distillation equipment. The first paper of the 
present series described a quantitative microdiffusion method for 


acetone (2). A similar procedure for the determination of lactic 
acid is now presented. This method is based on that of Gordon 
and Quastel (3), who found that lactic acid is oxidized quantita- 
tively to acetaldehyde by ceric sulfate in acid solution at 50°. 
These investigators employed a current of nitrogen gas to carry 
the acetaldehyde into bisulfite solution, where the bound aldehyde 
was determined iodometrically, as in the method of Friedemann, 
Cotonio, and Shaffer (4). 

Johnson and Barger (5) recently have compared the ceric sul- 
fate method of Gordon and Quastel with Edwards’ modification 
(6) of the method of Friedemann, Cotonio, and Shaffer. They 
find that the two procedures are equally accurate, but that the 
ceric sulfate method is more complicated and time-consuming. 

A lactic acid method which is simpler and more sensitive than 
these distillation and aeration procedures results if the Conway 
unit is substituted for the aeration apparatus of Gordon and 
Quastel. The following are the chief modifications in the latter 
method. (1) Single lactic acid determinations are performed on 


* Aided by a grant from the MeGregor Fund. 
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452 Microdiffusion Methods. II 


1 ml. blood samples or on approximately 0.5 gm. of tissue. (2) 
Zine hydroxide is used instead of trichloroacetic acid to precipi- 
tate blood proteins. The recoveries are low by 5 to 10 per cent 
if either trichloroacetic or tungstic acid is used.' (3) Blood fil- 
trates are freed of sugar by treatment with cupric hydroxide prior 
to analysis.? (4) Determinations are usually conducted at room 
temperature, instead of at 50°. (5) The acetaldehyde which re- 
sults from the oxidation of lactic acid passes by simple gaseous 
diffusion from the outer chamber of the Conway unit into bisul- 
fite solution in the central chamber, thus obviating the need for 
a current of gas. 


Method 


Collection of Blood and Preparation of Blood Filtrates—Speci- 
mens which are collected in oxalated tubes must be treated with 
protein- and sugar-precipitating reagents within 10 to 15 minutes 
of the time the blood is drawn. Glycolysis is prevented if sodium 
fluoride is used as the anticoagulant. The blood can then stand 
for several hours in the ice box. 

For single determinations, 1 ml. samples of whole blood or 
plasma are added to 2 ml. of zine sulfate solution (18 gm. of 
ZnSO,-7H,0 per liter of n/6 sulfuric acid), and then 1 ml. of 
approximately n/3 sodium hydroxide is added. The latter solu- 
tion is adjusted so that 1 ml. just neutralizes 2 ml. of the acidified 
zine sulfate solution. After thorough mixing, 1 ml. portions of 
10 per cent cupric sulfate solution and 5 per cent calcium hy- 
droxide suspension are added. The mixture is stirred well and 
centrifuged.* The clear, supernatant solution is used for the 
analysis. 

! Gordon and Quastel and Johnson and Barger report that trichloroacetic 
acid does not affect the lactic acid recoveries in the ceric sulfate method. 

? While the treatment with cupric hydroxide is apparently unnecessary 
in the case of muscle extracts (5), high lactic acid values result with blood 
filtrates if sugar is not removed. In trial analyses on a 0.007 per cent lactic 
acid solution in water containing 60 mg. of glucose per 100 ml., the recoveries 
were about 10 per cent too high. The starch-iodine color was not per- 
manent at the end-points in these titrations. Friedemann, Cotonio, and 
Shaffer also found that a bisulfite-binding substance results from the 


oxidation of glucose. 

’ This technique of precipitating the sugar with cupric hydroxide with- 
out preliminary removal of precipitated proteins was used successfully 
by McCready, Mitchell, and Kirk (7) in their ultramicro lactic acid method. 
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Preparation of Tissue Extracts—The tissue to be analyzed is 
frozen in situ with liquid air, excised, and pulverized in a chilled 
crusher, as described by Stone (8). The reagents used in the 
preceding section for blood are employed in making tissue ex- 
tracts. About 0.5 to 0.6 gm. of the chilled, powdered tissue is 
added to a stoppered, tared flask containing 2 ml. of acidified 
zine sulfate solution. The flask is restoppered, agitated well, and 
weighed again. Then 1 ml. portions of sodium hydroxide, cupric 
sulfate, and calcium hydroxide are added, as in the case of blood. 
The mixture is centrifuged, and a sample of the supernatant solu- 
tion is analyzed. 

Urine—Urine which contains neither protein nor sugar is ana- 
lyzed without preliminary treatment. If these substances are 
present, they are removed in the manner described for blood. 

Oxidation and Microdiffusion Procedure—A 3 ml. portion of the 
solution to be analyzed is pipetted into the outer chamber of a 
Conway diffusion unit (1). For very high lactic acid levels, 
smaller samples are used. 1 to 1.5 ml. of approximately 0.25 m 
sodium bisulfite is placed in the central chamber. The outer 
rim of the unit is greased with stop-cock lubricant if determina- 
tions are to be made at room temperature, or with a vaseline-par- 
affin mixture (2) if a higher temperature is employed. Approxi- 
mately 1 ml. of a saturated solution of ceric sulfate in 2 N sulfuric 
acid is delivered rapidly into the outer chamber with a large tipped 
pipette, and the unit is immediately sealed with a glass cover- 
plate. The vessel is rotated to mix the fluids in the outer chamber. 

After the unit has stood for at least 5 hours at room temperature, 
or 2 hours at 50°, the cover-plate is removed and the excess bisulfite 
is oxidized with 1 N iodine, as described in the acetone microdiffu- 
sion method (2). It is not necessary to maintain a low tempera- 
ture during this oxidation process, as was necessary in the acetone 
method.‘ If the end-point should be passed, a drop of sodium 
bisulfite solution is added to remove the excess iodine, and the 
titration is completed to the starch-iodine end-point. About 0.2 
to 0.3 gm. of powdered disodium acid phosphate is added to dis- 
sociate the acetaldehyde-bisulfite compound, and the liberated 


‘ The acetaldehyde-bisulfite compound has a much smaller dissociation 
constant than the acetone-bisulfite compound; the former dissociates very 
slowly in acid solution at 25°, even in the presence of an excess of iodine (4). 
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bisulfite is titrated with standard 0.003 N iodine. 1 ml. of this 
solution is equivalent to 0.135 mg. of lactic acid. 

In calculation of the lactic acid content of blood, a 3 ml. sample 
of the blood filtrate is equivalent to 0.5 ml. of whole blood. In 
the case of tissue, the volume of the final extract is corrected to 
include the approximate water content of the tissue, assuming 
that the latter contains 80 per cent water. The lactic acid content 
of the weighed tissue equals 


Lactic acid in aliquot X corrected volume of extract 
Volume of aliquot 


TaBLe | 
Recovery of Acetaldehyde Obtained upon Oxidation of Lactic Acid 
Analyses were performed on 3 ml. aliquots of a solution containing 8.00 
mg. of lactic acid per 100 ml. This standard was made up by weight from 
pure zine lactate-3H,0. 


Acetaldehyde 


Time of reaction 7 

26° 50° 
hrs. per cent per cent 
0.5 25 | 93 
0.75 95 
1.0 54 95 
1.5 77 9S 
2.0 S6 101 
2.5 99 
3.0 95 
4.0 97 
5.0 99 
6.0 9S 

Results 


Recovery of Acetaldehyde upon Oxidation of Pure Lactic Acid—In 
agreement with the observations of Gordon and Quastel, it was 
found that the oxidation of lactic acid to acetaldehyde at 50° is 
rapid and quantitative. Table I shows that a period of 2 hours 
at 50° is sufficient time for complete recovery of the acetaldehyde. 
At 26° the slower rate of oxidation of lactic acid limits the rate of 
absorption of acetaldehyde. This fact is indicated by the linear 
manner in which the recovery of acetaldehyde increases with time 
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during the first 90 minutes. However, the absorption is complete 
at the end of 5 hours. It is not advisable to let the units stand for 
longer periods than are necessary for complete recovery, since 
there is a steady loss of bisulfite due to diffusion of sulfur dioxide 
from the central solution into the ceric sulfate solution in the outer 
chamber, where the gas is oxidized. 

Recovery of Lactic Acid from Zine Lactate Solution after Treat- 
ment with Zine Hydroxide and Cupric Hydroxide—A standard zine 
lactate solution containing 48.0 mg. of lactic acid per 100 ml. was 
treated with protein- and sugar-precipitating reagents, with the 
proportions specified for blood samples. After centrifugation, 
analyses were performed on 3 ml. aliquots of the supernatant 
solution, a temperature of 50° being employed for the oxidation- 
diffusion process. The recoveries for five determinations were 95, 
96, 98, 101, and 102 per cent (average, 98.5). The titrations 
amounted to about 1.8 ml. of 0.003 Nn iodine. 

It was thought of value to compare these results with those ob- 
tainable by a different method for lactic acid determination. 
Stone’s modification (8) of the Friedemann and Graeser method 
was chosen for this purpose. In this procedure the lactic acid is 
oxidized by manganese dioxide in boiling solution, and the result- 
ing acetaldehyde is distilled into bisulfite solution. Five deter- 
minations were made on samples of the same filtrate used for the 
microdiffusion analyses of the previous paragraph, and the re- 
coveries were 95, 98, 98, 99, and 100 per cent (average, 98.0). 

The two methods apparently have the same degree of accuracy 
for this level of lactic acid concentration. Stone’s distillation 
procedure is more rapid for single determinations, but the present 
microdiffusion method makes it possible to run a large number of 
analyses simultaneously and employs a simple apparatus which 
can be used for other types of determinations. 

Recovery of Lactic Acid Added to Blood—To a sample of blood 
containing 12.5 mg. of lactic acid per 100 ml. was added an equal 
volume of a solution containing 35.0 mg. of lactic acid per 100 ml. 
To a second sample of the same blood was added an equal volume 
of a solution containing 7.0 mg. of lactic acid per 100 ml. Then 
protein- and sugar-precipitating reagents were added to each 
solution, making a 7-fold final dilution of the blood in both cases. 
After centrifugation five analyses were performed on 3 ml. aliquots 
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of each of the two supernatant solutions. The recoveries of 
added lactic acid for the blood filtrate with the higher lactic acid 
concentration (6.7 mg. per 100 ml.) were 93.5, 94.5, 97.5, 99.0, 
and 102 per cent (average, 97.5). The recoveries for the second 
blood filtrate (containing 2.05 mg. of lactic acid per 100 ml.) 
were 90.0, 95.0, 95.0, 97.5, and 102.5 per cent (average, 96.0). 
In these two series of determinations, and in all subsequent 
analyses, the oxidation-diffusion process was conducted at room 
temperature. 


TaBLe II 
Lactic Acid Determinations in Presence of Different Added Substances 
1 ml. portions of solutions containing different organic compounds were 
added to 6 ml. aliquots of a blood filtrate, each aliquot representing 1 ml. 
of blood. Duplicate lactic acid determinations were performed on 3 ml. 
portions of the resulting solutions. 








Compound added to blood filtrate Aneeet “Lactic acid’’ found 

“a ey | mg. per 100 ml. blood 
Water (control) , ante | 13.0, 13.3 
Urea 100 13.3, 13.5 
Uric acid 5 13.5, 14.0 
Creatine , 10 12.7, 13.0 
Pyruvie acid 5 12.7, 13.2 
Leucine..... a 25 13.5, 13.5 
Glutamic acid = 25 12.0, 12.5 
Alanine 5 25 14.0, 15.0 
Cystine 10 13.5, 15.0 
Sodium hydroxybutyrate 25 14.6, 15.3 
Acetone 10 17.8, 18.8 
Ethyl acetoacetate 25 22.3, 23.0 


Possible Interfering Substances in Blood—In order to determine 
whether any of the compounds commonly present in sugar-free 
blood filtrates yields volatile bisulfite-binding products upon oxi- 
dation with ceric sulfate, a number of these substances were added 
in pure form to samples of a blood filtrate, and lactic acid deter- 
minations were performed on the resulting solutions. The con- 
centrations of the added substances were greater than those 
normally present in blood filtrates. 

That urea, uric acid, creatine, pyruvic acid, leucine, and glutamic 
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acid do not alter significantly the lactic acid values found for 
blood filtrates is illustrated in Table II. The slightly elevated 
values obtained with alanine, cystine, and hydroxybutyric acid 
are probably not significant. But acetone and acetoacetic acid 
do produce definitely high “lactic acid’’ values. Apparently 
these latter acetone bodies interfere with the determinations when 
present in considerable amounts. This represents a disadvantage 


Tase III 
Blood, Urine, and Tissue Analyses 
The values in parentheses indicate the ranges of triplicate or quadrupli- 
eate determinations. The lactic acid concentration is expressed as mg. 
per 100 gm. of tissue for the brain and muscle analyses. The tissues were 
not frozen in the case of Guinea Pig 2. 





Subject State Sample Lactic Acid 
mg. per 100 ml. 
Human 1 Resting Blood* 11.5 (11.0-12.1) 
Plasma 14.4 (13.8-15.0) 
Urine 7.7 (7.5 7.9) 
After exercise Blood 38.0 (37.0-38.5) 
Urine 22.1 (20.8-22.4) 
Dog 1 Resting Blood 11.0 (10.7-11.3) 
During ether an- 49.5 (48.5-50.0) 
esthesia 
mo During nembutal Brain tissue | 20.5 (19.5-21.0) 
anesthesia 
* - " we e ¥ | 23.5 (23.0-24.5) 
Guinea Pig 1 se as - . 22.0 (21.5-24.0) 
Leg muscle 21.5 (21.0-22.0) 
"= oo - "= Brain tissue 124 (121-127) 


Leg muscle 74 = (73-77) 








* Analyses of the same blood by Stone’s method (8) gave the values 
10.7, 11.1, and 11.7 mg. per 100 ml. 


compared with the method of Friedemann, Cotonio, and Shaffer, 
in which preformed acetone and acetone from acetoacetic acid 
are removed by preliminary boiling and aeration. However, in 
the case of muscle extracts, no preformed, volatile substances 
that bind bisulfite are present (5). 

Lactic Acid in Blood, Urine, and Tissues—Some applications 
of the present method to blood, urine, and tissue specimens are 
illustrated in Table ITI. 
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The lactic acid values are slightly higher in resting human plasma 
than in whole blood. The concentrations of lactic acid in human 
blood and urine show marked increases following physical exercise, 
while dog blood shows a similar rise during ether anesthesia. 

The lactic acid values found for brain and muscle agree well 
with the figures reported by other workers (8-10). The very high 
levels in the case of Guinea Pig 2, in which the brain and muscle 
tissues were excised without preliminary freezing, demonstrate 
the importance of the freezing technique in preventing the ac- 
cumulation of lactic acid in tissues being prepared for analysis. 
In these experiments an interval of several minutes elapsed during 
the weighing of the tissues, before the latter were extracted with 
acidified zinc sulfate solution. Stone (11) obtained a comparable 
value, 109 mg. of lactic acid per 100 gm., for mouse brain frozen 
15 minutes after decapitation. 

In conclusion, the present method appears to be accurate to 
within about 5 per cent for the range of lactic acid concentrations 
normally encountered; namely, 10 to 25 mg. per 100 ml. of blood 
or per 100 gm. of tissue. For higher concentrations of lactic acid, 
the larger volumes of the iodine titrations increase the accuracy 
to within about 2 to 3 per cent. 


SUMMARY 


The Conway microdiffusion unit has been applied to the deter- 
mination of lactic acid in blood filtrates, tissue extracts, and urine. 
The lactic acid is oxidized quantitatively by ceric sulfate in the 
outer chamber of the apparatus, and the resulting acetaldehyde 
passes by gaseous diffusion into the central chamber, where it is 
absorbed by sodium bisulfite solution. The diffusion is complete 
in about 5 hours at 25° or 2 hours at 50°. The bound bisulfite is 
determined iodometrically. 


The author wishes to thank Professor C. G. Johnston, Professor 
A. H. Smith, Dr. W. E. Stone, and Dr. R. C. Lewis, Jr., for their 
helpful suggestions and sincere interest in this work. 
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BISULFITE REACTION 


III. DETERMINATION OF THREONINE BY OXIDATION 
WITH PERIODATE* 


By THEODORE WINNICK 


(From the Departments of Surgery and Physiological Chemistry, Wayne 
University College of Medicine, Detroit) 


(Received for publication, October 29, 1941) 


A quantitative method for threonine, based on the oxidation of 
this amino acid to acetaldehyde at room temperature by neutral 
periodate solution, has been described recently by Shinn and 
Nicolet (1). The acetaldehyde is aerated by a current of carbon 
dioxide into a series of absorption tubes containing sodium bisulfite 
solution, and the quantity of bound bisulfite in the latter is deter- 
mined iodometrically. 

Martin and Synge (2), in their recent paper dealing with hy- 
droxyamino acids, could obtain only 70 per cent of the maximum 
theoretical quantity of acetaldehyde on treatment of dl-threonine 
with neutral periodate solution. These investigators employed 
a relatively complicated apparatus in which aldehydes were 
aerated into an absorption tower containing bisulfite solution. 

The present author had no difficulty in confirming the finding 
of Shinn and Nicolet that exactly 1 mole of acetaldehyde results 
from the oxidation of 1 mole of threonine. 

By substituting the Conway microdiffusion unit (3) for the 
aeration apparatus of Shinn and Nicolet, a procedure for threonine 
results which is much simpler from a technical standpoint and 
suitable for the determination of smaller amounts of threonine, 
of the order of 0.2 to 0.5 mg. A sample of protein hydrolysate is 
treated with neutral periodate solution in the outer chamber of 
the Conway unit, and the acetaldehyde resulting from the oxida- 
tion of threonine passes by gaseous diffusion into the central 


* Aided by a grant from the McGregor Fund. 
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chamber, where it is absorbed by bisulfite solution. Phosphate 
buffer is used instead of bicarbonate to maintain a pH of approxi- 
mately 7.0 during the oxidation process. The sodium arsenite 
solution used by Shinn and Nicolet to reduce excess periodate is 
not required in this method. 


Method 


Preliminary Protein Hydrolysis—An accurately weighed protein 
sample (usually about 0.5 gm.) is hydrolyzed for at least 24 hours 
with about 20 ml. of 3 N hydrochloric acid. The hydrolysate is 
neutralized to a pH of approximately 7.0 with 3 N sodium hy- 
droxide. If hydrochloric acid more concentrated than 5 to 6 N 
has been used, it is preferable to concentrate the hydrolysate first 
in vacuo to a volume of 5 to 10 ml. in order to remove most of this 
acid. The neutral solution is made up with water to a suitable 
volume (100 to 250 ml.), and analyses are performed on aliquots. 
The preceding operations can be conducted on a much smaller 
scale if the supply of protein is limited. 

Oxidation and Microdiffusion Procedures—1 to 1.5 ml. of 0.25 m 
sodium bisulfite is pipetted into the central chamber of the diffu- 
sion unit. A 2 or 3 ml. aliquot of the solution to be analyzed is 
pipetted into the outer chamber. 1 ml. of approximately 0.1 m 
tripotassium phosphate is delivered also into the outer chamber. 
This solution is adjusted so that 1 ml. will just neutralize 1 ml. 
of 0.2 m periodic acid (to be added next) to about pH 7.0. The 
greased glass cover-plate is placed over the unit, leaving a narrow 
opening. Through this slit 1 ml. of 0.2 m periodic acid! is pipetted 
quickly into the outer chamber. The cover is slid over immedi- 
ately to seal the vessel completely, and the latter is rotated to mix 
the solutions in the outer chamber. 

After the unit has stood for at least 4 to 5 hours at room tem- 
perature, the cover is removed and the excess bisulfite is oxidized 
with 1 N iodine. Powdered disodium acid phosphate is added 
to dissociate the acetaldehyde-bisulfite compound, and the liber- 
ated bisulfite is titrated with standard 0.005 Nn iodine. The 


1 This solution is prepared by dissolving crystalline H;IO., in water. 
It is not feasible to prepare a neutral periodate reagent, since a precipitate 
results if the periodic acid is mixed directly with the potassium phosphate 


solution. 
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titration procedures are described in detail in the previous papers 
of this series, which deal with microdiffusion methods for acetone 
(4) and lactic acid (5). 1 ml. of 0.005 N iodine is equivalent to 
0.298 mg. of threonine. 


Results 


Oxidation of Pure Threonine?—Table I shows that 4 to 5 hours 
at room temperature are sufficient for complete absorption of the 
acetaldehyde resulting from the oxidation of threonine. Despite 


TABLE I 
Recovery of Acetaldehyde Obtained upon Oxidation of Pure Threonine 
In Series A, analyses were performed on 3 ml. aliquots of a solution 
containing 0.102 mg. of threonine per ml. In Series B, analyses were per- 
formed on 1 ml. portions of a solution containing 0.305 mg. of threonine 
per ml. 


Acetaldehyde 
Time of reaction a 


Series A Series B 
hrs per cent per cent 
] 72 86 
1.5 85 | 
2 93 | 93 
3 96 97 
3.5 96.5 
4 100 98 
5 99 99.5 
6 101 99 


the difference in the volumes of fluid in the outer chambers, the 
rates of diffusion are approximately equal in Series A and B. 

The initial rate of absorption of the acetaldehyde is considerably 
more rapid than in the case of the acetaldehyde resulting from the 
oxidation of lactic acid by ceric sulfate (5). In the latter instance 
the slower rate of oxidation at room temperature appeared to 
limit the rate of absorption of the acetaldehyde. 

Action of Periodate on Different Amino Acids and on Glucose—In 


? The threonine used in this study was given to me by Dr. J. M. Orten. 
This preparation, which was synthesized in the laboratory of C. 8. Marvel 
of the University of Illinois, had 99.0 per cent of the theoretical nitrogen 
content. 
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agreement with the observations of Shinn and Nicolet, it was 
found that amino acids other than threonine do not yield volatile, 
bisulfite-binding products upon treatment with periodate. 
Analyses were performed on 1 ml. portions of a solution containing 
0.305 mg. of threonine per ml., to which were added 1 mg. samples 
of different amino acids. Following are the amino acids tested 
and the corresponding percentage recoveries of threonine (as 
acetaldehyde): proline 98, histidine 99, cystine 98.5, alanine 101, 
aspartic acid 99, isoleucine 99, tryptophane 98, and methionine 
100.5. These compounds are representative of nearly all of the 
different structural types of amino acids found in proteins. 

A similar observation made by Martin and Synge (2) was that 
no significant quantity of acetaldehyde resulted when a mixture 
of fourteen different amino acids (not including threonine) was 
oxidized with periodate. 

In view of the fact that some proteins contain carbohydrate 
groups, it appeared worth while to confirm the finding of Shinn 
and Nicolet that glucose does not interfere with the threonine 
determination. 1 mg. of glucose was added to a 1 ml. aliquot of 
standard solution containing 0.305 mg. of threonine per ml. Upon 
analysis of this sample, 99 per cent of the threonine was recovered 
(as acetaldehyde). 

Threonine Content of Proteins—Several purified proteins* were 
analyzed for threonine. The results are summarized in Table 
II. The casein and gliadin were samples prepared by the late 
T. B. Osborne. The lactoglobulin was recrystallized three times 
and dried with alcohol and ether. The chimpanzee hair samples 
were mixtures from both adult and immature animals. The hair 
was washed with cold soap solution, extracted for 36 hours at room 
temperature, first with alcohol and then with ether, and dried in air. 

The proteins were hydrolyzed for 26 to 28 hours, 3 N hydro- 
chloric acid being used for the casein and lactoglobulin, 5 N hydro- 
chloric acid for the gliadin, and 8 Nn hydrochloric acid for the 
keratin (hair) samples. 

Table II shows that the average threonine values agree to within 


* These proteins were kindly supplied by Professor H. B. Lewis of the 
Department of Biological Chemistry of the University of Michigan. The 
lactoglobulin was prepared by Dr. Lila Miller, also of the University 


of Michigan. 
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3 to 4 per cent for duplicate protein hydrolysates. Repeated 
analyses on samples of the same hydrolysate usually agreed to 
within 2 to 3 per cent. 

The average threonine content found for casein, 4.32 per cent, 
is somewhat higher than the value 3.5 per cent, reported by Shinn 
and Nicolet (1) and by Block and Bolling (6). The latter in- 
vestigators employ lead tetraacetate to oxidize the threonine, and 
aerate the resulting acetaldehyde into a solution of p-hydroxy- 


TaBLe Il 
Threonine Content of Some Proteins and Recovery of Threonine Added to 
Proteins before and after Hydrolysis 

All values are calculated on an ash-free, moisture-free basis. The nitro- 
gen content of the proteins, thus calculated, was as follows: casein 14.75, 
lactoglobulin 14.35, gliadin 17.58, hair, male chimpanzee, 16.29, and hair, 
female chimpanzee, 16.38 per cent. The values in parentheses indicate 
the ranges of triplicate or quadruplicate analyses. 





Threonine 








| —s 
Protein Added 
| Found ar <0 Recovery 
protein 
aauaies a nnisietgnassnpiians teamaaae 
per cent mg. per cent 


4.40 (4.31-4.46) 
| 4.23 (4.10-4.32) | 61.7* | 97.5 (96-99) 


Casein 








Lactoglobulin | 5.25 (5.10-5.33) 
5.46 (5.36-5.59) | 55.0* (103 (101-104) 
Gliadin | 2.92 (2.88-2.96) | 21.2¢ | 98.5 (95-102) 
Hair, male chimpanzee. . | 6.57 (6.51-6.60) 
‘* female - 6.77 (6.73-6.87) | 


* Added to a portion of the hydrolyzed protein. 
+t Added to a separate sample of gliadin before hydrolysis. 


dipheny] in sulfuric acid, in which the aldehyde is determined 
colorimetrically. 

The average threonine content of lactoglobulin, 5.35 per cent, 
is considerably higher than that of casein. The recovery of 
threonine added to portions of the casein and lactoglobulin hy- 
drolysates is seen to be quantitative. 

The relatively low threonine content of gliadin, 2.92 per cent, 
is significant in relation to the work of Rose (7), who found that 





————e 
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this protein was not as effective as casein in supplying the threonine 
required by young rats. 

That threonine is quite unaffected during prolonged acid hy- 
drolysis is indicated by the quantitative recovery of this amino 
acid in the case in which it was added to gliadin prior to hydrolysis. 

It is interesting that the keratin samples have a higher threonine 
content than casein, gliadin, or lactoglobulin. The value 6.77 
per cent threonine for female chimpanzee hair is not significantly 
higher than the value 6.57 per cent found for male hair. 


SUMMARY 


A microdiffusion method for the quantitative determination 
of threonine in protein hydrolysates is described. A sample of 
hydrolysate is treated with neutral periodate solution in the outer 
chamber of a Conway unit, and the acetaldehyde which results 
from the oxidation of threonine diffuses into bisulfite solution 
in the central chamber. After 4 to 5 hours, the bisulfite which is 
bound by the acetaldehyde is determined iodometrically. 

The percentages of threonine in casein, gliadin, lactoglobulin, 
and male and female chimpanzee hair are reported. 


The author thanks Professors C. G. Johnston and A. H.Smith 
for their encouragement and interest in this work, and appreciates 
also the suggestions made by Professor H. B. Lewis of the Uni- 
versity of Michigan relative to the presentation of the experi- 
mental data. 
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Although the distribution of sodium, potassium, and chloride 
in mammalian tissue is now well established, this cannot be said for 
calcium and magnesium. From analyses of whole tissues for 
these elements it may be inferred that the magnesium content of 
the cells, like that of potassium, is relatively high, while calcium 
must be present in cells in considerably lower concentration than 
is magnesium, and may, like sodium, be chiefly a constituent of 
the extracellular fluids. 

The latter inference has been supported by the direct analyses 
of Thyone muscle by Steinbach (1), who found that calcium is 
present in the cells of this tissue in lower concentration than in the 
surrounding medium. Scott (2) and Scott and Packer (3) have 
found by use of the electron microscope that the sum of magnesium 
and calcium in the cells of striated and of smooth muscle is much 
greater than in the intercellular spaces, but their work gives no 
clue as to the distribution of magnesium and calcium individually 
and their observations are quite compatible with a marked differ- 
ence in the distribution of these two elements. 

This paper presents the results of applying principles now ac- 
cepted as criteria for the distribution of sodium and potassium to 
determinations of the distribution of magnesium and calcium in 
the liver and skeletal muscle of dogs. Data for sodium and po- 
tassium are also included. 
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EXPERIMENTAL 


Normal dogs were maintained for 2 weeks in metabolism cages 
on an alternate diet of meat and Globe dog chow. Before the 
removal of blood and tissues, the dog was weighed, placed on a dog 
board, and anesthetized by the intravenous injection of 25 mg. of 
nembutal per kilo of body weight. After 15 minutes, 60 ec. of 
blood were taken from the femoral artery, of which 45 cc. were 
collected under oil and 15 cc. were defibrinated for whole blood 
analyses. One of the rectus abdominis muscles was then quickly 
removed for the muscle analyses. All incisions were closed with 
hemostats. After the removal of the muscle, a portion of one of 
the lobes of the liver was taken for the liver analyses. The blood 
sample under oil was centrifuged and the serum removed under 
oil. The muscle required 5 to 6 minutes for removal, after which 
it was placed immediately in a glass-stoppered weighing bottle. 
Shortly afterwards, the muscle was placed on a tile and all visible 
connective tissue and fat removed. It was then returned to the 
weighing bottle, minced with scissors, and aliquot samples were 
weighed for all analyses. The removal of the liver required ap- 
proximately 3 minutes. It was dropped instantly into a flat, 
glass-stoppered weighing bottle, which had been weighed pre- 
viously. The tissue was then minced with scissors and dried to 
constant weight at 101°. After the dried tissue was extracted for 
neutral fat (4), it was transferred as quantitatively as possible to 
a special apparatus (5) and pulverized. The dry, fat-free, pul- 
verized liver tissue was kept in a weighing bottle in a desiccator 
over sulfuric acid. Aliquot samples of liver tissue were weighed 
for all analyses. Analyses of muscle, liver, serum, and blood from 
ten normal dogs were made. 


Chemical Methods 


The following determinations were made on serum: pH, COs, 
water, protein, chloride, sodium, potassium, calcium, and mag- 
nesium; on blood: hematocrit, water, chloride, sodium, potassium, 
calcium, and magnesium; on wet muscle: fat, water, circulating 
blood, chloride, sodium, potassium, calcium, and magnesium; and, 
on liver: fat, water, blood, chloride, sodium, potassium, calcium, 
and magnesium. All tissue analyses were calculated on a fat- 
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free, blood-free basis. The neutral fat was determined as de- 
scribed in a former paper (4). The amount of circulating blood 
was determined by the colorimetric comparison of the amount of 
hemoglobin in the tissue with that of the whole blood, which was 
taken as nearly simultaneously as possible with the tissues. 

The chemical methods for serum, whole blood, muscle, and liver 
analyses were the same as those used in previous studies (6, 7, 4). 

It is imperative that the ignition of the wet muscle and the dry 
liver for calcium and magnesium analyses be carried out in plati- 
num dishes. 


Calculations 


The calculations for the extra- and intracellular phases in skeletal 
muscle and liver were made by means of the equations presented 
in former papers, or, briefly, the extracellular phase (Ff) in gm. 
per kilo of tissue, 


(Cl)r X (H,0), X 1000 


V) = 1.04 x (Cl), 


in which the subscripts T and s represent tissue and serum, respec- 
tively. From the values for (F), the intracellular phase (C) per 
kilo was estimated by the equation (C) = 1000 — (F). From the 
values for (C) the intracellular water (H,O)¢ was estimated by 
the equation (H,O)¢ = (C) minus solids (S) present per kilo of 
tissue. 

The concentrations of sodium, potassium, and magnesium in 
the extracellular fluid were estimated from their concentrations 
in serum water by means of factors determined experimentally by 
Hastings e? al. (8) and Greene et al. (9). The factor for sodium 
and potassium used was 0.95 and for magnesium 0.77. The con- 
centration of calcium ions in the extracellular fluid was calculated 
nomographically by the McLean and Hastings equation (10) from 
total calcium and total serum protein, with a value of 1.97 for 
PK caprot, this being the average of values calculated by these 
authors from data obtained by diffusion methods. 

From the amount of estimated phases per kilo of tissue and the 
calculated concentration of the basic constituents in the extracellu- 
lar fluids, the concentration of the individual bases in the intra- 
cellular phase can be derived. For example. (1) extracellular 
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tissue magnesium equals the product of the volume of extracellular 
water and the concentration of the magnesium in extracellular 
water; (2) intracellular magnesium equals the difference between 
total tissue magnesium and the extracellular magnesium; (3) the 
concentration of magnesium per kilo of tissue cells equals the 
intracellular magnesium divided by the intracellular phase volume; 
(4) the concentration of magnesium in the intracellular water 


TABLE I 
Analyses of Blood, Muscle, and Liver of Representative Normal Animals 
The values are given for fat-free, blood-free tissue. 









































pH CO: HO! Cl Na K | Ca | Mg — (F) 
Dog Cs, weight 25 kilos 
| mM gm. am. m.eq. | m.eq. | m.eq. m.eq. | gm. gm. 
per l. |per kg.| per kg. | per kg |Per kg.|per kg ws kg.|per kg.| per kg. 
Serum | 7.40 | 22.12/924.1/107.6 |138.5 | 3.57) 4.74) 1.08) 53.6 
| | 
- | 
Gm. | Hema- | 
per cc. | tocrit | | 
— | | 
Blood | 1.055) 50.0 788.0] 87.3 |119.2 | 7.24] 2.40) 2.58 
Muscle | 774.0) 19.95} 30.0 |98.5 1 .90|16 . 20) 164 
Liver | 720.0} 33.10) 38.45,80.9 | 1.76|18.88) 273 
Dog Cs, weight 15.4 kilos 
| pH | CO: | 7 | | 
Serum 7.42 | 24.771930.7/109.6 140.5 | 4.06] 4.44) 1.80] 53.5) 
Gm. | Hema- | 
| per cc tocrit | | | | 
Blood...... | 1.055, 43.9 806.2) 89.7 121.3 | 4.82| 2.65) 2.47) 
Muscle 768.0 18.68 26.04/99.0 | 1.89|17.84 149 
Liver 738.0) 31.10) 31.50)82.5 | 1.54/12.58) | 254 


| 


equals the intracellular magnesium divided by the volume of 
intracellular water. 


Results 





In order to conserve space, the data in full will not be given. In 
Table I are presented detailed analytical data for two representa- 


tive experiments from the ten carried out. All of the tissue values 


are corrected for free, neutral fat and circulating blood. 
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In Table II are presented the average analytical and derived 
data with standard deviations for the ten dogs for the distribution 
of potassium, magnesium, calcium, and sodium in serum, fluids, 
skeletal muscle, and liver. The analytical data are expressed in 


TABLE II 


Distribution of Potassium, Magnesium, Calcium, and Sodium between Blood 
Plasma and Tissue Phases 


The values are given in milliequivalents for fat-free, blood-free tissue. 


Potassium Magnesium!) Calcium Sodium 
Serum Per kilo 4.09 1.73 , 4.59 | 138.3 
o 0.19 0.24 | 0.35 | 2.0 
Per kilo H,O 441 1.87 | 4.96 | 149.3 
o 0.24 | 0.20 | 0.46 | 2.5 
Per kilo interstitial| 4.19 | 1.44 | 3.26 | 141.7 
fluid | 
o 0.18 | 0.20 | 0.30 | 2.4 
Muscle Per kilo 97.1 | 18.11 | 1.63 | 23.07 
o 7.5 | 1.87 | 0.35 | 4.20 
In (F) 0.54 | 0.21 | 0.45 | 18.00 
e | 0.15 | 0.05 | 0.16 | 4.30 
In (C) 96.6 | 17.90 | 1.18 | 5.07 
0 7.5 | 1.37 | (0.25 | 1.27 
Per kilo (C) 110.5 | 20.76 | 1.38 | 5.80 
o 7.0 | 2.00 | 0.36 | 1.60 
Per kilo (H:0)c 151.0 | 28.42 | 1.89 | 7.95 
° 9.0 | 2.76 | 0.46 | 2.08 
Liver | Per kilo 73.2 | 14.59 | 1.65 | 39.5 
o 6.3 2.04 0.19 4.9 
In (F) 1.22 | 0.43 | 0.92 | 39.0 
o 0.26) 0.08 | 0.19 | 4.0 
In (C) 74.3 | 14.16 | 0.76 | 0.5 
o 6.7 2.08 | 0.22 | 3.9 
Per kilo (C) 101.4 | 20.02 | 1.07 | 1.89 
o 8.6 2.82 0.32 | 3.00 
Per kilo (H:O)c 161.2 | 31.57 | 1.69 | 2.8 
o 10.4 4.68 | 0.39 | 4.0 


terms of milliequivalents per kilo of fat-free, blood-free tissue. 
The calculated concentrations of all cations are given per kilo of 
tissue cells and also per kilo of intracellular water. It will be 
noted that potassium represents practically all of the univalent 
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base of muscle and liver cells, and magnesium practically all of the 
bivalent base. The calculated average potassium concentration 
per kilo of intracellular water in skeletal muscle was 151.0 milli- 
equivalents +9.0 and in liver 161.2 milliequivalents +10.4. The 
average magnesium concentration per kilo of intracellular water 
was 28.42 milliequivalents +-2.76 in muscle and 31.57 milliequiv- 
alents +4.68 in liver. 

“Excess” sodium in the intracellular water of skeletal muscle 
was again found in this series of dogs, with an average value of 7.95 
milliequivalents +2.08. In the intracellular water of liver there 
was only a negligible amount of “‘excess’’ sodium and, generally, 
there was agreement between the amount of sodium found in the 
liver and the sodium in the extracellular water as calculated. 

The calculated mean value for Ca** concentrations in the serum 
was 3.26 milliequivalents + standard deviation 0.30 per kilo of 
H,O. After the total average calcium per kilo of tissue (muscle 
1.63 milliequivalents + 0.35 and liver 1.65 milliequivalents +0.19) 
was corrected for the average extracellular calcium (muscle 0.45 
milliequivalent +0.16 and liver 0.92 milliequivalent +0.19), 
the excess calcium per kilo of muscle and liver amounted to 1.18 
milliequivalents +0.25 and 0.76 milliequivalent +0.22, respec- 
tively. Assuming that this calcium is intracellular, the derived 
concentrations of calcium per kilo of intracellular water in muscle 
and liver were 1.89 milliequivalents +0.46 and 1.69 milliequiva- 
lents +0.39, respectively. 

DISCUSSION 

Analyses of whole tissues for the total content of the individual 
cations have been numerous, but studies on the distribution of 
these cations between the two phases of the tissues are few and 
incomplete. Heretofore, sodium and potassium concentrations 
between the two tissue phases have been studied more than the 
magnesium and calcium concentrations. Harrison, Darrow, and 
Yannet (11) extended their electrolyte studies to include magne- 
sium, but did not include calcium. Since the present investiga- 
tion considered the concentration of all of the bases occurring 
simultaneously in the two phases of liver and skeletal muscle in a 
group of ten dogs, the mean values from such a group should give 
the basic electrolyte pattern of these tissue cells. 
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The accuracy of all the derived estimations presented here 
depends on the correctness of two assumptions; namely, (1) that 
the chloride may be considered to be confined to the extracellular 
water, and (2) that the concentration of the different cations in the 
extracellular fluid can be estimated from their concentrations in 
serum water by means of the Donnan factors. The factors for 
sodium, potassium, and calcium were accepted. There is, how- 
ever, uncertainty about diffusible magnesium. Greene and Power 
(12) indicate that 77 per cent of the total magnesium is diffusible 
in the presence of serum protein. Watchorn and McCance (13) 
and Greenberg (14) have found that about 80 per cent of the 
magnesium in serum is diffusible. Recent work (15) indicates 
that as much as 90 per cent may be filtrable instead of the 77 per 
cent, which has been used in calculating the results in Table II. 
By comparing the maximum reported diffusion of magnesium with 
the minimum, the error introduced into the concentration of 
magnesium in the tissue cell water by the uncertainty of the 
amount of magnesium in non-ionized combination with the pro- 
teins can be calculated. Such a calculation indicated a difference 
of 0.07 milliequivalent per kilo of intracellular water in muscle and 
(0.23 milliequivalent per kilo of intracellular water in liver. Thus 
it is apparent that the intracellular magnesium concentrations 
are not influenced importantly by this difference in the factor. 

The data have been analyzed to see if all of the sodium and cal- 
cium may be regarded as extracellular. On the basis of dividing 
tissues into two phases, after the total content of sodium and 
calcium in muscle and liver is corrected for the amount in the extra- 
cellular spaces, the remaining amount has to be either intracellular 
or combined with some substance in the extracellular spaces, per- 
haps connective tissue fibers or the like. That is, if “excess” 
sodium is assumed to be in the intracellular water, it would amount 
to a significant average of 7.95 milliequivalents per kilo of muscle 
cell water, and an insignificant 2.8 milliequivalents per kilo of 
liver cell water. Most observers (16, 11) agree that “excess’’ 
sodium appears in appreciable quantities in skeletal muscle of 
dogs. The present value falls within the range of those in the 
literature. 

If the calcium of muscle and liver is attributed entirely to the 
interstitial fluids, the total content of calcium per kilo of tissue 
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should indicate the volume of extracellular fluids. Since the esti- 
mated concentration of Ca++ was 3.26 milliequivalents per kilo of 
interstitial fluid, the total content of calcium found in skeletal 
muscle and liver would represent 500 gm. of extracellular fluid per 
kilo of each of the tissues. This volume of extracellular fluid is 
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Fic. 1. Individual derivations of the potassium, magnesium, calcium, 
and sodium contents, expressed in milliequivalents per kilo of intracellular 
water (H.O)c of the skeletal muscle and liver of dogs. 


far beyond that calculated by other means. Therefore, the con- 
centration of calcium per kilo of whole tissue indicates that either 
all of the tissue calcium in the interstitial fluids is not ionized or 
that there is some calcium in the intracellular phase. Since the 
excess sodium occurred simultaneously with the excess calcium 
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in the skeletal muscle tissue, there is a possibility that the “excess” 
sodium and calcium are combined with the connective tissue fibers 
in the extracellular phase and are not intracellular. 

From Fig. 1 it will be noted that, in both the liver and skeletal 
muscle, the concentrations of the intracellular bases show con- 
siderable scattering, although there is fair average agreement in 
the two tissues. Since liver and skeletal muscle are two tissues 
each composed of different types of cells, it is surprising that the 
basic electrolyte distribution should be so similar. 


SUMMARY 


By applying methods now accepted as valid for calculating the 
distribution of sodium and potassium in mammalian tissues to 
similar calculations for the distribution of magnesium and calcium, 
we found (1) that the calculated concentration of magnesium in 
the cells of liver and of striated muscle is high in comparison with 
that in the blood plasma and the extracellular fluid, being of the 
order of magnitude of 30 milliequivalents per kilo of intracellular 
water as compared with 1.5 milliequivalents per kilo of water in 
the extracellular fluid; and (2) that the calculated concentration 
of calcium in the cells is lower than that of the extracellular fluid, 
being of the order of magnitude of 1.8 milliequivalents per kilo of 
intracellular water as compared with 3.25 milliequivalents per kilo 
of water in the extracellular fluid. The possibility that the cal- 
cium in the tissues is all extracellular has been considered, and the 
conclusion has been reached that, unless some of it is actually 
within the cells, a part of it must be assumed to be in an un-ionized 
combination with some extracellular substance other than the 
protein of the extracellular fluid, perhaps the connective tissue 
fibers. 
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Although several methods for the determination of 1 to 10 or 
20 y of nitrogen in organic combination have been described, all 
of them involve technical difficulties, lack of simplicity, or lack of 
accuracy. Distillation (1), photometric determination of am- 
monia in the digest (2), and photometric determination of the 
ammonia after diffusion (3) have been described. In addition, 
several diffusion-titration methods have been described, the gen- 
eral principle used being that of Conway and Byrne (4). The 
diffusion method of Kirk and Bentley (5) suffers from the necessity 
of a transfer of digest, and special precautions relative to manipu- 
lation to prevent loss of ammonia. The method of Borsook and 
Dubnoff (6) requires a glass electrode and other accessories. The 
procedure of Needham and Boell (7), though apparently simple, is 
very slow and relatively inaccurate. To combine the advantages 
of technical simplicity, low cost, and rapid, accurate determina- 
tion, the procedure described in this paper was developed. 

EXPERIMENTAL 

Solutions 

Digestion mixture. A good grade of sulfuric acid was diluted 
with an equal volume of water, saturated with potassium sulfate, 
and made 0.1 per cent in copper selenite. The latter may be made 
readily by mixing a concentrated copper sulfate solution with 
sodium selenite and collecting the precipitate. 


* Aided by grants from the Rockefeller Foundation and the Research 
Board of the University of California. 
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Sodium hydroxide solution, made by diluting saturated NaOH 
with an equal volume of water. 

Standard sodium hydroxide solution, approximately 0.02 to 
0.025 N. 

Sulfuric acid solution, approximately 0.025 Nn, containing methyl 
red indicator. This reagent does not require careful stand- 
ardization. 

Apparatus—The only previously undescribed apparatus used 
in this procedure was the digestion-diffusion vessel shown in Fig. 1 
and the similar vessel shown in Fig. 2. It consisted of an elongated 
pear-shaped flask, the small bulb of which was used for digestion. 
Both the small and large bulbs were flattened on one side, the 
small bulb and its neck being inclined away from the flat area in 
such a way that the contents of the small bulb would drain freely 
into the large one when the vessel was placed on its side. It was 


Xo <sP 


Fra. 1 Fig. 2 


Fig. 1. Simple digestion-diffusion vessels; one-third actual size. 
Fic. 2. Glass-stoppered vacuum digestion-diffusion vessel; one-third 
actual size. 


closed with a rubber stopper carrying a glass cup on a rod handle. 
The capacity of the cup was between 0.1 and 0.2 ml. The stopper 
was previously boiled in sodium hydroxide solution and thoroughly 
rinsed in distilled water. 

The second type of vessel shown in Fig. 2 was essentially the 
same as the first, except that it was sealed by means of a ground 
glass joint, the female of which was grooved through its lower half, 
and the hollow plug was drilled to connect with the groove, thus 
serving as a stop-cock when the plug was rotated. By means of 
this arrangement the vessel could be evacuated and sealed. 

The other equipment necessary included suitable arrangements 
for carrying out digestions and titration. The first of these may 
be made in various ways, including submicro burners, electric 
hot-plates, etc., but use of a sand bath placed on an ordinary 
electric hot-plate was found most convenient. The titration as- 
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sembly was that previously described as standard in this series 
(8, 9). Sampling and titration were performed as previously 
described (9). 


Procedure 


The sample, containing from 0.5 to 20 y of nitrogen, was meas- 
ured and transferred with rinsing into the bottom small bulb of 
the vessel. To this was added about 0.1 ml. of digestion mixture. 
This could be added from a 100 \! capillary pipette or from a gradu- 
ated 1 ml. pipette, but it was necessary to keep the amount reason- 
ably constant in a series of determinations. The vessel was 
placed in a sand bath which was heated so that the temperature of 
the bottom was about 300°. At first, the vessel was placed at an 
angle of about 10-20° from the horizontal with the small bulb 
barely under the surface of the sand. After all the water was 
evaporated from the acid mixture, the vessel was placed upright 
and pushed deeply into the sand, where it remained until the 
digestion was complete. It was then removed and allowed to 
cool. The digest was diluted with about 0.5 ml. of water and, 
after cooling, 0.3 ml. of half saturated sodium hydroxide solution 
was added as a layer under the digest. This was accomplished by 
use of a long tipped capillary pipette which had a little vaseline 
wiped over the tip and was inserted to the bottom of the digest. 
The liquid did not adhere and no nitrogen was lost. The absorp- 
tion cup was greased around the rim with a little vaseline. To it 
was added, with rinsing, a measured amount of about 50 \! of ab- 
sorption acid containing methyl red. The volume of acid and 
rinsings could not exceed 0.1 ml. or the material might spill when 
the cell was rotated later. While the vessel was held by the 
small end, the large bulb was brushed several times with the flame 
of a micro burner. The stopper carrying the acid cup was then 
inserted and the vessel allowed to cool, leaving in it a partial 
vacuum. After cooling, the digest and base were mixed in the 
small bulb and the vessel carefully rolled into the horizontal posi- 
tion so as to wet completely the inside walls with the alkaline mix- 
ture, neutralizing any acid which might have spattered or con- 
densed on the walls. The diffusion was allowed to take place at 


11 \ = 1 microliter = 0.001 ml. 
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room temperature, or at 37° in an incubator, for the necessary 
length of time. Finally, the absorption cup was withdrawn and 
the acid titrated back in the cup with standard sodium hydroxide 
by means of a capillary burette in the usual fashion. A canary- 
yellow color was taken as the end-point. Blanks were run for 
each series of determinations, the blank titer including in one 
value the standardization of the acid and all reagent and indicator 
errors. From this value the titer of the determination was sub- 
tracted and the difference multiplied by the normality of the 
sodium hydroxide solution to obtain the microequivalents of 
nitrogen. 

Diffusion in vacuo is more rapid than at atmospheric pressure. 
In order to make use of this increased speed, the vessel shown in 
Fig. 2 was constructed. Its use was identical with the description 
above, except that after all reagents had been added the ground 
joint was sealed with stop-cock lubricant and turned in the open 
position. While the vessel was cooling in ice water, it was evacu- 
ated with a pump or water aspirator to about 2 em. of Hg pressure 
and the stop-cock closed. The diffusion was allowed to proceed 
at room temperature, or if convenient at a lower temperature down 
to about 10°. Below this, sodium sulfate separated from the digest 
and low results were obtained. Raising the temperature of the 
evacuated vessel slowed the diffusion owing to the increase of 
vapor pressure. 

When enough vessels were available so that the operator was 
continually busy charging them and titrating them, as many as 
50 determinations were possible in a working day, because most 
of the time the determination was proceeding without attention on 
the operator’s part. 


Results 


By use of standard solutions of ammonium sulfate, a study was 
made of the efficiency of diffusion in the two types of vessel. The 
results are shown in Fig. 3 as graphs of time against undiffused 
ammonia. It is seen that the rate of diffusion was markedly in- 
creased when the cells were evacuated, but that the greatest in- 
crease was in the earlier part of the diffusion. Thus it required 
little more time to diffuse 100 y than to diffuse 25 y of nitrogen, 
but required appreciably more to diffuse 10 y than to diffuse 5 y. 
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Thus the advantage of using evacuation was much greater with 
large than with small samples, though in all ranges the rate was 
increased. This graph serves to determine the necessary diffusion 
time for any given quantity of ammonia expected in the unknown. 
If, for example, 10 y of nitrogen are to be diffused, the times for 
diffusion may be determined by measuring back along the abscissa 
from the point of complete diffusion to the intersection on the curve 
of 10 y on the ordinate, the times found being about 3 hours at 
atmospheric pressure and 1 hour at 2 em. of Hg pressure. The 
times noted on the graph are maximum, since the points chosen 
for complete diffusion were rather farther to the right than neces- 
sary. These diffusion times for amounts up to 10 y may con- 
veniently be used for smaller amounts, even though the actual 





- —188 MIN-———— 





4 1 
3 4 5 


Fig. 3. Time and pressure relations of ammonia diffusion 


minimum time is less, since such a choice allows easy standardiza- 
tion of technique. If no information is available as to the amount 
to be expected, it is wise to allow in the early determinations a 
relatively long diffusion time, so that no determinations need 
be wasted. 

In Table I are shown the results of diffusing samples of several 
micrograms of nitrogen from ammonium sulfate solution. This 
was performed as a test of the diffusion efficiency when the com- 
plications introduced by performing digestions were not involved. 
It is apparent that the diffusion is adequate to recover the am- 
monia with a precision and accuracy about the same as are ob- 
tained with either the macro- or micro-Kjeldahl distillation. The 
standard errors given refer to deviations from the absolute values 
which are greater than the deviations from the mean. If the 
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latter values are used in the same formula, the corresponding values 
are in no case greater than 0.3 per cent. 

Table II gives the results of analysis of varying sized samples 
of four pure organic compounds. The introduction of the neces- 
sary vigorous digestion does not markedly reduce the accuracy of 
analysis of the contained nitrogen, in amounts down to about 
1 y. Below this value the error is greater. 


TaB.Le I 
Diffusion of Ammonia 


Ammonium sulfate solution, 0.1 gm. of N per liter. 


Sample 
Nitrogen found Recovery Standard error* 
Volume Nitrogen 
r Y Y per cent Y per cent 
35.2 3.52 3.48 99.0 
3.52 | 100.0 
3.53 | 100.2 
3.51 99.7 
Mean... i 3.510 | 99.7 0.012 | 0.3 
42.1 4.21 4.21 | 100.0 | 
4.20 99.8 
4.20 99.8 
4.18 99.3 
Mean...... ae 4.198 99.7 0.0097 0.2 


* Standard error = + +/Zd?/(n(n—1)) where d = deviation from true 
value, and n is the number of determinations. 


It is probable that the difficulties of digestion of the pure com- 
pounds listed above and the errors resulting are as great as will 
be encountered in digestion of biological solutions. However, 
this matter was not tested previously on the drop scale (5) with 
protein solutions and the above assumption may not be accepted 
without experimental evidence. For this reason, the data of 
Table III were collected. The only criterion of accuracy available 
in analysis of protein solutions is the comparison with recognized 
methods. The micro-Kjeldahl analyses used for comparison were 
made by use of the usual distillation procedure with employment 
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of the one piece glass distillation apparatus described by Kirk 
(10). It is noted that the average values obtained by means of 
the drop scale method were approximately 1.5 per cent lower in the 









































TABLE II 
Analysis of Pure Organic Compounds 
Compound poy | Nitrogen found* Standard errort 
TR Se ee 
Y Y Y | per cent 
Urea 6.08 | 6.11440.04 | 0.024 | 0.4 
6.02 6.078 + 0.058 | 0.0335 | 0.6 
p-Aminoben- 1.47 | 1.473+40.020 | 0.0130 | 0.8 
zoicacid | 3.01 | 3.012 + 0.018 0.0102 | 0.3 
| 4.21 4.206 + 0.024 0.0134 | 0.3 
Samp! 
Compound se en pee Pi er — # Recovery a 
| Volume Nitrogen | 
| N ig Y Y per cent per cent 
2,5-Dichloro- | 14.7 0.588 0.616 104.7 
aniline 30.1 | 1.204 1.200 99.7 
14.7 2.940 2.930 99.7 
30.1 | 6.020 6.050 100.4 
42.1 | 8.420 | 8.380 99.5 
100.0 | 20.00 | 19.88 99.4 
SCR ee em NS ile eae ee) 100.6 0.9 
p-Bromoacet- | 14.7. | 0.588 0.597 101.5 
anilide 30.1 | 1.204 1.180 98.0 
14.7 | 2.940 2.985 101.6 
30.1 | 6.020 5.960 99.0 
42.1 | 8.420 8.380 99.5 
100.0 | 20.00 20.00 100.0 
MR och a n't, ala aticaen asa aca a any date ne ee 99.9 0.6 





* Mean + mean deviation from the true value (5 determinations each). 
+t Calculated as in Table I. 


case of albumin solution, and exactly the same in the case of blood 
serum. The discrepancy in the albumin analyses may have been 
partly due to the fact that less than 3 y of nitrogen was present in 
the drop scale samples, as compared with 0.142 mg. for the micro- 
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determination. Since the discrepancy may be due to the micro- 
Kjeldahl analyses as well as to the drop scale analyses, the mean 
used in calculation of standard error is derived from all analyses, 

With the diluted serum, the sample sizes used gave values of 
14 y and 2 mg. respectively for the drop analyses and the micro- 
analyses. This larger nitrogen content would be expected to 
vield closer agreement in the two methods. It is not only apparent 
that correct analyses of protein solutions can be made with the 
drop scale prodecure, but that in this series of determinations the 


Tas_e III 
Analysis of Protein Solutions 


No. of 
Sample deter- rien * S + 
veleane Method al Nitrogen found Standard error 
tions 


Egg albumin 


per 


m¢ ner mi. rd) m er mi 
9. F ml. (y . P ; cent 


2.00 ml.; Micro-Kjeldahl 3 0.07097 + 0.00076) 6.94 X 10~‘| 0.97 
42.1 X Drop scale t (0.0699 + 0.00040) 4.41 K 10~* 0.62 


Diluted blood serum 


l 
2.00 ml.| Miecro-Kjeldahl 3 (0.93887 + 0.00420) 3.61 X 107-4) 0.38 
14.7 X Drop seale 4 (0.93887 + 0.00175) 1.25 XK 1074] 0.13 





* Mean + mean deviation from the mean. 
t Calculated as in Table I except that d = deviation from the mean. 
method actually yielded more precise values than did the micro- 


Kjeldahl analyses. 
SUMMARY 


A rapid and simple method for the analysis of total nitrogen by 
diffusion is presented. The accuracy and precision were found to 
be about equal to those of the micro- and macro-Kjeldahl methods. 

No transfers or other disadvantageous techniques were in- 
volved in the procedure. It was possible to determine amounts 
of nitrogen as low as 1 y with an absolute probable error of not 
more than about 1 per cent and a precision of about 0.3 per cent. 
Smaller amounts could be determined with somewhat greater 


errors. 
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THE APPLICATION OF THE SKATOLE COLOR 
REACTION TO THE DETERMINATION OF 
FRUCTOSE IN BLOOD* 


By ROGER M. REINECKE 
(From the Department of Physiology, University of Minnesota, Minneapolis) 


(Received for publication, November 3, 1941) 


This method has been developed as a practicable procedure for 
estimating the amount of fructose in the dilute tungstic acid filtrate 
of blood (1). Jordan and Pryde (2) had described a color-pro- 
ducing reaction between fructose and skatole warmed in concen- 
trated hydrochloric acid, which under specified conditions is not 
affected by the presence of glucose and which they found to be 
more sensitive than any other reaction used for determining 
fructose. They suggested that it might be used to measure 
fructose in blood but gave no procedure. Experiment showed 
that this reaction is indeed sensitive, but that dilution of the 
acid by a protein-free blood filtrate unfortunately inhibits it to a 
marked degree. It was found, however, that the use of ethanol 
saturated with hydrogen chloride instead of hydrochloric acid 
causes the reaction to proceed even in the presence of considerable 
water but also causes the development of an interfering color when 
heated with skatole in the absence of fructose. This complica- 
tion was circumvented by adding the skatole after the fructose 
had been heated with the ethanolic hydrogen chloride and the 
reaction mixture cooled. Under these conditions the products 
formed from the fructose react promptly with the skatole, and the 


* Excerpt from a thesis presented to the Graduate School of the Uni- 
versity of Minnesota in partial fulfilment of the requirements of the degree 
of Doctor of Philosophy in physiology. 

Supported in part by a Sigma Xi Grant-in-aid. 

Assistance in the preparation of these materials was furnished by the 
personnel of the Works Progress Administration, Official Project No. 665- 
71-3-69, Subproject No. 355. 
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slow color development which takes place in the absence of fructose 
in the cold can be minimized by diluting the solution with ethanol 
after it has reacted for a few minutes. A series of studies on 
various proportions of ethanolic hydrogen chloride and blood 
filtrate heated at several temperatures and for different lengths 
of time showed that 2 parts of the ethanolic hydrogen chloride to 
1 part of filtrate heated for 30 minutes at 60° give optimal sensi- 
tivity and reproducibility and minimal glucose interference. The 
detailed procedure developed is given below along with some data 
demonstrating its degree of accuracy and specificity. 

Reagents 

Dilute tungstic acid. 10 MI. of 2 N sulfuric acid and 10 ml. of 
10 per cent sodium tungstate are added to 480 ml. of water with 
shaking. 

Ethanolic hydrogen chloride. Dry hydrogen chloride is bubbled 
through iced 95 per cent ethanol until it becomes 10.0 to 10.1 N. 

Acid ethanol. 4 volumes of hydrochloric acid (sp. gr. 1.1878) 
are added to 6 volumes of 95 per cent ethanol. 

Ethanol; 95 per cent. 

Skatole solution. 1 Gm. of recrystallized skatole is dissolved 
in 100 ml. of 95 per cent ethanol. A few drops of potassium 
hydroxide are added as a preservative. 


Procedure 


0.05 MI. of blocd is measured into 5 ml. of the dilute tungstic 
acid with a capillary pipette graduated to contain, and mixed by 
a stream of bubbles blown from the tip of the pipette. After 15 
minutes the mixture is centrifuged and the supernatant fluid de- 
canted. 2 Ml. of this “filtrate” are transferred to an Evelyn 
colorimeter tube graduated at 10 and 20 ml. After 4 ml. of the 
ethanolic hydrogen chloride (caution, keep cold and use a chilled 
burette to measure) have been added, the tube is covered with a 
large marble and heated for 30 minutes in a 60° bath. It is then 
placed in cold water for 3 minutes, after which 0.1 ml. of the skatole 
solution is added. After another 5 minutes the solution is diluted 
to 10 ml. with ethanol and between 10 and 15 minutes later the 
light absorption is measured in an Evelyn colorimeter with a filter 
having a maximum transmission at 520 mu. The photometer is 
set against a blank carried through the procedure with the sample 
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and identical with it except that it contains distilled water instead 
If the light absorption is too great for accurate estima- 


of filtrate. 


Fructose present 


Interference of Glucose in Determination of Fructose 


10 
10 
20 
20 


TABLE I 











Glucose present Fructose found 
| 
Y 7 
20 0.25 
20 0.37 
| 40 | 0.25 
40 0.31 
80 0.12 
80 0.44 
35 5.0 
35 5.0 
30 10.25 
30 10.25 
20 19.25 
20 19.75 
10 29.25 
10 29.50 
TaBLe II 


Analysis of Blood to Which Known Amounts of Fructose Have Been Added 


Fructose added 


mg. per cent 


0 

0 
100 
100 
100 
100 
100 
100 


Blood stored 24 hrs. 


Fructose found 


mg. per cent 


4 

4 
101 
100 
101 
97 
101 
97 


Blood stored 72 hrs. 


Fructose added 


mg. per cent 


SSSSEBococo 


Fructose found 





mg. per cent 


— 
= 
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tion, the blank and sample are both diluted to 20 ml. with acid 
ethanol, the photometer is reset, and a new reading taken. 
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Table I shows that various amounts of glucose up to 80 y inter- 
fere with the determination to an extent less than the equivalent 
of 1 y of fructose. 

Table II shows the accuracy with which known amounts of 
added fructose can be determined in blood. Oxalated dog blood 
which had been stored on ice was analyzed immediately after the 
addition of known amounts of fructose. 
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A STUDY OF LIPOPROTEINS* 


By ERWIN CHARGAFF 


(From the Departments of Biochemistry and Surgery, College of Physicians 
and Surgeons, Columbia University, New York) 


(Received for publication, November 6, 1941) 


Lipoproteins, i.e. complexes between proteins and lipids, are 
widely distributed in living matter. They occur in cell nuclei, 
mitochondria, cell membranes, chloroplasts, in blood, in egg yolk, 
and in milk. Most of the “heavy” protein fractions isolated from 
animal tissue, the thromboplastic factor, many viruses, and bac- 
terial antigens have been found to contain lipid-protein complexes. 
There exists no adequate review of our knowledge of the chemistry 
of lipoproteins, but some of the pertinent literature will be found in 
several monographs (1-4) and in a number of recent publica- 
cations (5-8). 

In contrast to the wealth of histological information on the 
occurrence of lipoproteins in tissues, very little is known of the 
nature and mode of combination of the lipids in these complexes. 
One compound of this type, the thromboplastic protein from lungs, 
has recently been investigated in this laboratory in greater detail 
(7). It was found to contain a number of different phosphatides 
(8) and to exhibit complete homogeneity in an electric field (9). 

The purpose of the work presented here was to obtain orienting 
information on two other lipoproteins of biological interest; viz., 
the phosphatide-vitellin complex occurring in hen’s egg yolk (10, 
11), which in the following will be designated lipovitellin,! and 
mitochondria from rabbit liver (12). 


* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 

1 The not infrequent use of the term lecithovitellin for protein prepara- 
tions which had been freed of phosphatides is unfortunate. It would 
appear advantageous to reserve such prefixes for the conjugated proteins. 
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EXPERIMENTAL 
Lipovitellin from Egg Yolk 

Preparation—The yolks from twelve eggs were carefully 
washed with water and, after removal of the membranes and 
chalazae, mixed with an equal volume (220 cc.) of ice-cold satu- 
rated sodium chloride solution.2, The mixture was shaken with 
400 cc. of peroxide-free ether and kept in the refrigerator for 4 
hours. A small amount of ether extract was removed and the 
gelatinous aqueous emulsion reextracted with 500 cc. of ether. 4 
hours later, following the removal of the ether layer, the mixture 
was again extracted with 400 cc. of ether. After being cooled over- 
night, most of the added ether had separated. An additional 
amount of ether extract was obtained by centrifugation of the 
aqueous portion. The turbid aqueous solution was dialyzed 
through cellophane against running tap water for 22 hours. The 
white protein precipitate was centrifuged off, washed twice with 
200 cc. of ice-cold distilled water, and redissolved in 200 cc. of a 
cold 10 per cent sodium chloride solution. The protein solution 
was extracted with 200 cc. of ether and after 24 hours in the 
refrigerator centrifuged in order to obtain complete separation of 
the ether layer. Dialysis and ether extraction were twice repeated. 
The final protein precipitate was in addition dialyzed against a 
large volume of cold distilled water for 17 hours, centrifuged, and 
washed with 70 cc. of ice-cold distilled water. The protein then 
was emulsified in 40 cc. of distilled water, the emulsion frozen in a 
solid CO,.-aleohol mixture, and the water distilled off in a high 
vacuum. After additional drying over P2O; in vacuo the lipovitellin 
was obtained as a white, fluffy powder, weighing 11.4 gm. The 
protein was only partly soluble in a 10 per cent sodium chloride 
solution. Analytical data for this preparation (designated Prep- 
aration I-Lv) will be found in Table I.* 

A somewhat different method was used for the isolation of an- 
other lipovitellin preparation. In this case, the phosphatides were 


? All operations were, as far as possible, carried out in an inert gas 
atmosphere and at a low temperature. 

3 For analysis all preparations were, unless otherwise noted, dried to 
constant weight in vacuo over P.O; at 60° with the exception of the material 
used for the determinations of the iodine values (13), which was dried at 
room temperature. 
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extracted from the emulsion of twelve egg yolks with ether con- 
taining 5 per cent of acetone. After repeated dialyses and ether 
extraction, as described above, the precipitated protein was 
centrifuged and washed with ice-cold distilled water. * A small 
portion of this preparation was rapidly triturated in 50 ce. of 
acetone which was kept at —60°. 5 minutes later the mixture was 
centrifuged in a refrigerated angle centrifuge, and the protein again 
treated with acetone at —60°. It finally was dried over P.O, in 
vacuo, when 1.52 gm. of a white fluffy powder were obtained (Prep- 
aration II-Lv, Table I). The total yield of the lipovitellin Prep- 
aration II-Lv can be estimated from subsequent analyses to have 
been 12.5 gm. 


TaBLeE I 
Preparations of Lipovitellin and Vitellin 





Preparation No. N P 8 Ash 

; per cent as —et | ie per cent 
I-Lv 13.0 1.5 0.86 3.7 
I-A 12.8 1.5 0.83 3.6 
I-B 13.0 1.5 0.82 3.8 
I-C 12.9 1.5 0.79 3.8 
I-D 11.0 1.0 2.8 3.7 
I-V 15.5 1.0 1.0 3.4 
II-Lv 12.6 1.4 0.88 } 4.1 


The treatment of the lipovitellin preparations with acetone or 
ether produced practically no change in their composition, as shown 
in Table I, Preparations I-A (acetone) and I-B (ether). The ex- 
traction of lipovitellin with aleohol removed the bulk of the 
attached lipids and yielded vitellin (Table I, Preparation I-V). 

Action of Heparin—3.0 gm. of the lipovitellin Preparation I-Lv 
were suspended in 60 cc. of water and brought into solution by the 
gradual addition of dilute sodium hydroxide of pH 10. The turbid 
solution was centrifuged and its volume adjusted to 100 ec. by the 
addition of dilute sodium hydroxide. The pH of the solution 
was 10.2. 

From 10 ce. of this solution the protein was precipitated by 
acidification to pH 5.6 by means of dilute acetic acid. It weighed 
280 mg. and appeared to be a practically unchanged lipovitellin 
(Table I, Preparation I-C). To another portion of the solution 
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(37 cc.) 304 mg. of purified sodium heparin (N 2.3, 8 12.0) dissolved 
in 10 ce. of water (adjusted to pH 10) were added. 15 minutes 
later the solution was brought to pH 5.2 with dilute acetic acid. 
The mixture was cooled overnight, and the gelatinous precipitate 
removed by centrifugation and four times washed with ice-cold 0.6 
per cent acetic acid. It then was distributed in a small amount of 
distilled water and dried in the frozen state ina high vacuum. The 
almost white fluffy powder weighed 1.14 gm. Its analytical 
properties are listed in Table I as Preparation I-D. The com- 
position of the two compounds described in this paragraph was 
not changed by subsequent treatment with ether. 

Attempts to remove the lipids attached to the lipovitellin by 
means of salmine (5) were unsuccessful. Addition of a solution of 
salmine (pH 10) to the lipovitellin solution mentioned above caused 
the immediate precipitation of a substance which probably repre- 
sented a salmine-lipovitellin complex. It contained N 14.5, P 1.3. 

Phosphatides in Egg Yolk and Lipovitellin—A portion of the 
combined ether extracts accumulated in the course of the isolation 
of lipovitellin Preparation I-Lv, as described above, was evapo- 
rated in vacuo. The residual oil was emulsified in 80 ce. of physio- 
logical saline. The mixture was, after addition of 40 cc. of acetone, 
cooled and centrifuged. This resulted in the formation of three 
layers; viz., from top to bottom, of a thin yellow oil, an aqueous 
layer, and a solid precipitate. The aqueous layer was pipetted off 
and discarded, and the remainder again treated with 50 cc. of an 
ice-cold mixture of 2 parts of physiological saline and 1 part of 
acetone, and centrifuged. Again three layers formed. The 
aqueous layer was removed, the precipitate treated with 50 cc. of 
cold acetone, and the mixture centrifuged. This treatment was 
repeated twice, when no more insoluble oil separated. The solid 
precipitate was freed of acetone and dissolved in 100 cc. of petro- 
leum ether (b.p. 30-50°). The cerebrosides were removed by 
freezing in the usual manner. The phosphatides (2.3 gm. of a light 
yellow wax) were precipitated from the final concentrated clear 
petroleum ether solution by the addition of 4 volumes of acetone. 
(For the analytical data see Preparation 1 in Table IT.*) 


* It should be mentioned that similar phosphatide preparations from egg 
yolk, which will be discussed in a future paper, were found to contain prac- 
tically no amino acid nitrogen. (Chargaff, E., and Ziff, M., unpublished 


results.) 
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In order to obtain information on the quantitative yield of phos- 
phatides which could be isolated by extraction of yolk emulsions 
with ether, two egg yolks were mixed with 40 ce. of ice-cold satu- 
rated sodium chloride solution and extracted with three portions 
of 160 cc. of ether in the refrigerator. The last extract was prac- 
tically free of P. The phosphatides isolated, as described in the 
preceding paragraph, weighed 1.25 gm. and formed an almost 
white paste. Analytical data will be found under Preparation 2 
in Table II. 

The phosphatides retained in the lipovitellin in a combination 
strong enough to withstand treatment with ether were extracted 
with alcohol. Treatment of 3.49 gm. of Preparation I-Lv (Table 
I) with 100 cc. of absolute alcohol in a Soxhlet apparatus for 14 
hours yielded 2.69 gm. of vitellin (Preparation I-V in Table I). 








TaBLe II 
Phosphatides in Egg Yolk and Lipovitellin 
Preparation No. P | N | NH:-N | lodine value 
| ae "percent =| percent =| percent aS he 
1 3.8 1.8 | 0.87 69.6 
3.6 1.8 0.86 67.9 
3 3.8 | 1.8 0.80 57.3 


The phosphatides isolated from the alcoholic extract by the cus- 
tomary method weighed 530 mg. (Preparation 3, Table II). 
Isolation of Ethanolamine As Diiodosalicylate—It appeared of 
interest to devise a method permitting the separation and charac- 
terization of the bases contained in phosphatides by means of 
derivatives which could easily be purified and contained no other 
nitrogen than that of the base (14). The separation procedure 
was essentially that of Thierfelder and Schulze (15). However, 
instead of the picrolonate used in that procedure the 3 ,5-diiodo- 
salicylate of ethanolamine was employed for the isolation of this 
base. Diiodosalicylic acid appears in this case preferable as 
isolating agent to picrolonic acid for a variety of reasons; e.g., 
because of its higher molecular weight and greater solubility in 
ether and because of the ease with which the purity of the deriva- 
tives can be checked by chemical analysis and melting point 
determination. An example of the separation of choline and 
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ethanolamine will be given in the next paragraph. For the prep- 
aration of ethanolamine 3 ,5-diiodosalicylate 0.203 gm. of ethanol- 
amine was suspended in a solution of 1.4 gm. of 3 ,5-diiodosalicylie 
acid in 50 cc. of ether. The salt which began to crystallize almost 
immediately weighed 1.33 gm. (89 per cent of the theoretical yield). 
Recrystallization from ligroin-absolute alcohol (4:1) yielded long 
white needles which melted with decomposition at 199-200° 
(corrected). 
Analysis—C,H;ON -C;H,OslIy (451.0) 
Calculated. C 24.0, H 2.5, N 3.1, 1 56.3 
Found. “242, “26, “ 3.1, “56.2 


Separation of Bases Contained in Egg Yolk Phosphatides—For 
hydrolysis, 2.0 gm. of phosphatide Preparation 1, dissolved in a 
small amount of ether, were added to 40 cc. of 1 N H.SO,. The 
mixture was, after evaporation of the ether, refluxed for 17 hours. 
The fatty acids were washed with hot dilute sulfuric acid and the 
combined extracts adjusted to pH 10 by the addition of finely 
powdered Ba(OH)». The liquid was neutralized by means of CO, 
and 2 volumes of absolute alcohol were added. The precipitated 
salts were filtered from the mixture which had been chilled over- 
night. The filtrate was acidified with HCl and evaporated to dry- 
ness in vacuo. The dried residue was taken up in absolute alcohol 
and the solution after centrifugation made up to a volume of 50 ce. 
It was found by analysis of aliquots of this alcoholic solution that 
67 per cent of the amino nitrogen and 95 per cent of the non- 
amino nitrogen originally present in the phosphatide sample used 
for hydrolysis had been recovered. The discrepancy between 
these two values may best be explained by the observation that, 
because of the presence of unsaturated groups in the phosphatide, 
too high amino nitrogen values are frequently obtained for the 
intact phosphatide (16). 

The alcoholic solution of the base chlorides (46 cc.) was evapo- 
rated to dryness in vacuo and the residue dissolved in 1 cc. of water. 
The solution was very slowly added to freshly prepared calcium 
oxide in a double thickness extraction thimble which was kept at 
—20°. The thimble was extracted in a Soxhlet apparatus for 44 
hours with 60 cc. of a 1 per cent solution of diiodosalicylic acid in 
ether. The ethereal extract was, together with the crystalline 
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material which had deposited during the extraction, evaporated 
and the residue washed six times with 2 ec. portions of ice-cold 
ether. It weighed after drying 235.8 mg. (A second ether ex- 
traction of the thimble for 24 hours yielded only 2.9 mg. of 
ether-insoluble material. The combined ether washings of the 
diiodosalicylate were found to contain 0.12 mg. of N.) Two re- 
erystallizations of the substance from ligroin-absolute alcohol 
(4:1) yielded 140 mg. of ethanolamine 3 ,5-diiodosalicylate as long 
white needles melting (with decomposition) at 198-199° (cor- 
rected). 


Analysis—CgH,,NOgly (451.0). Calculated. N 3.1, 1 56.3 
Found. ** 3.0, “ 56.2 


Following the ether extraction the thimble was extracted with 
absolute alcohol for 7 hours. The extract was concentrated to 
20 ec. and 25 ec. of a saturated solution of HgCl, in alcohol were 
added. The mixture was cooled, and the white precipitate cen- 
trifuged off, and washed with cold alcohol. This material (weight 
1.77 gm.) was recrystallized from hot water, when 1.55 gm. of 
the crystalline choline chloride-GHgClz double salt (17), m.p. (with 
decomposition) 249-251° (corrected), were obtained. It was 
found advantageous to recrystallize this compound from water 
containing a small amount of HgCl, (2 to 3 per cent), since other- 
wise occasionally products of lower HgCl, content and lower 
melting point precipitated. 


Analysis—C;H,,.NOCI-6HgCl, (1768.8). Calculated. N 0.79 
Found. 0.77 


The nitrogen balance for this hydrolysis experiment will be 
found in Table IIT. 


Mitochondria from Rabbit Liver 


Preparation—The method of isolation which essentially con- 
sisted in extensive gravitational fractionation followed that de- 
scribed by Bensley (12, 18). In a typical experiment, two freshly 
obtained rabbit livers were perfused through the portal vein with 
ice-cold physiological saline for about 15 minutes. The tissue 
then was rapidly frozen by means of solid CO, and finely ground 
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in the frozen and in the thawing state.’ The very fine pulp was 
suspended in 250 cc. of saline and subjected to five centrifuga- 
tions (without decantation) in the angle centrifuge at 1000 R.P.M. 
for 3 minutes each. The supernatant was three times centrifuged 
for 5 minutes at 1000 r.p.m. Centrifugation of the supernatant 
at 4200 r.p.m. for 45 minutes yielded a sediment which was 
emulsified in 60 cc. of saline. The emulsion was centrifuged at 
4200 r.P.M., and the precipitate washed with 60 cc. of saline, 
and resuspended in 50 cc. of saline. The suspension was left to 
sediment in a tall cylinder overnight, 45 cc. of the emulsion were 
drawn off, and the bottom layer again put through several frac- 
tional centrifugations. The precipitate obtained by centrifuga- 


TaB_e III 
Nitrogen Recovery in Hydrolysis of Phosphatide Preparation 1! 





Amino N Non-amino N 
Fraction Per cent of | Per out of 
Weight | pheppbe: | weight | phepptn 
lyzed lyzed 
mg. mg. val 
Phosphatide hydrolyzed. 17.4 18.6 
Alcoholic solution of base chlo- 
rides... aac 11.7 67 17.7 | 9% 
Ethanolamine diiodosalicylate. .. 7.7 44 
Choline chloride-6HgCls..... e 14.8 80 


tion at 4900 R.p.m. of the combined supernatants was three 
times washed with 60 cc. portions of saline, until the trichloro- 
acetic acid reaction of the washings was negative, and three times 
with water containing a trace of acetic acid. Before the last 
centrifugation 10 cc. were withdrawn from the suspension which 
had a total volume of 37 cc., and used in an experiment which 
will be discussed in the next section of this paper. The mito- 
chondria obtained by centrifugation of the remainder were dried 
in vacuo and formed a brown powder weighing 918.1 mg. Ana- 
lytical data for this material are listed in Table IV as Prepara- 
tion 1. 


5 All operations were carried out at a low temperature (centrifugation 
and sedimentation in the refrigerator, ice-cold fluids, etc.). 
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In another similar experiment one rabbit liver yielded 416:1 
mg. of mitochondria (Preparation 2 in Table IV). 

The homogeneity of the preparations was checked by micro- 
scopical inspection at various stages of the fractionation. The 
final preparations, when stained with Altmann’s 20 per cent acid 
fuchsin, were found to consist almost exclusively of red-stained 
mitochondria together with a few brown patches. 

Action of Heparin—The aqueous emulsion of mitochondria 
Preparation 1 (10 cc.) mentioned in the preceding section was 
diluted with the same volume of distilled water. To the slightly 
pink mixture 1.4 ec. of 0.05 N ammonia were added, when it be- 
came light brown and viscous. Centrifugation at 4000 R.P.M. 
for 30 minutes produced practically no sediment. The mixture 





TaBie IV 

Mitochondria Preparations from Rabbit Liver 

Preparation No.* N P | 8 | Ash 
gor cent ou emul | ' percent = | per cent 

l 10.6 1.3 0.62 1.6 
la 10.8 1.4 | 0.87 2.0 
lb 8.9 1.0 2.1 | 1.9 

le 14.2 1.0 

2 11.4 1.1 


* These preparations were dried over P.O, in vacuo at room temperature. 


was divided into two equal portions. To one portion a solution 
of 50 mg. of the sodium salt of heparin in 3 cc. of 0.02 N ammonia 
was added. (Analytical figures for this heparin sample are N 2.1, 
S 12.4.) Both portions were acidified to pH 4 by the addition 
of dilute acetic acid. The sample precipitated in the presence 
of heparin showed slight and gelatinous flocculation which was 
extremely difficult to centrifuge. Both preparations were cen- 
trifuged after being chilled, and the sediments several times 
washed with water containing a trace of acetic acid. After these 
were dried over P20; in vacuo, the following preparations were 
obtained, No. la (in the absence of heparin) 127.8 mg., No. 1b 
(in the presence of heparin) 53.8 mg. of brown powders (analytical 
data, Table IV). 

Examination of Lipids—A sample of mitochondria Preparation 
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1, ground to a fine powder and weighing 310.4 mg., was extracted 
in a micro Soxhlet apparatus with a mixture of equal parts of 
methyl alcohol and chloroform for 23 hours and with ether for 
20 hours. The extracted mitochondria (Preparation 1c, Table IV) 
weighed 201.1 mg. 

The combined extracts were evaporated in vacuo and the residue 
was treated with 10 cc. of petroleum ether. The chilled mixture 
was centrifuged and 4 volumes of acetone were added to the 
concentrated supernatant. The resulting fraction (Fraction A) 
soluble in petroleum ether, insoluble in acetone, (phosphatides?) 
weighed only 5.0 mg. The petroleum ether-insoluble material 
was dissolved in warm chloroform. The clear solution obtained 
after centrifugation was concentrated to a volume of 1 cc. The 
addition of 5 ce. of acetone produced a precipitate which was 
centrifuged off, washed with cold acetone, and dried. This sub- 
stance (Fraction B) weighed 20.3 mg. and formed a white powder. 
Because of the small amount available, only a limited number 
of analyses could be carried out. The substance was found to 
contain 46 per cent of cerebrosides (19) and 3.6 per cent of P (20). 

The combined mother liquors of Fractions A and B yielded on 
evaporation Fraction C, 52.8 mg. of a light brown fat. This sub- 
stance was found to contain 3.0 per cent of glycerol (determined 
as isopropyl iodide), 0.9 per cent of free cholesterol, 5.7 per cent 
of cholesterol esters (21), and 0.47 per cent of P (20). 


DISCUSSION 


The lipovitellin preparations described in the present paper 
were found to contain about 18 per cent of phosphatides which 
could be removed by extraction of the protein with alcohol. The 
figures for the phosphatide content of the lipovitellin Prepara- 
tion I-Lv (Table I), arrived at by comparison of the analytical 
values obtained for this preparation with those given by the vi- 
tellin Preparation I-V (Table I) and the phosphatide Preparation 
3 (Table II), were 17.9 per cent on the basis of the phosphorus 
values, 18.2 per cent on the basis of the nitrogen values, and 
16.2 per cent according to the sulfur values. It is probable that 
the lipoprotein in addition to the phosphatides contained a small 
amount of other lipids, since the total loss in weight on alcohol 
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extraction amounted to 23 per cent. As is usually the case with 
compounds of this type, it was not possible to extract the phos- 
phatides by treatment of the lipovitellin with ether. 

The comparison of the composition of the phosphatides which 
could be removed from the egg yolk by ether extraction with 
that of the compounds remaining attached to the yolk proteins 
revealed only one difference of possible significance: the phos- 
phatides contained in the lipovitellin had a lower iodine value 
(compare Table II). In all other respects the composition was 
very similar. The total phosphatide yield averaged 770 mg. per 
yolk, of which 144 mg. (18.8 per cent) were present in firm com- 
bination with proteins. This is in good agreement with previous 
results obtained in this laboratory concerning the production of 
lysophosphatides by the action of snake venoms on egg yolks 
(22). A discussion of certain points pertinent to the present 
study, viz. the possible biological relationship between the yolk 
phosphatides and the phosphoprotein vitellin, will be found in 
the paper following (23). 

The analytical figures obtained for the phosphatide-free vitellin 
are in fair agreement with values reported by other investigators 
(11, 24, 25). 

The action of heparin on lipovitellin was studied in view of 
the recent observation in this laboratory that the phosphatides 
combined in the thromboplastic protein from lungs were dis- 
placed by heparin (26). In the present case too a heparin-protein 
complex was isolated, but it probably was a compound between 
heparin and the intact lipovitellin. There was no indication that 
phosphatides had been split off. The resulting product (Prepara- 
tion I-D in Table I) had a low ash content, indicating that it was 
a compound between the protein and the free heparin acid. If, 
therefore, the computation is based on the formula of free heparin, 
proposed by Charles and Todd (27), CosHysO3sN 285 (S 13.6, N 2.4), 
the following figures for the heparin content of Preparation I-D 
(Table I) are obtained by comparison with the analytical values 
given by the lipovitellin Preparation I-Lv (Table I): 15.2 per 
cent on the basis of the sulfur values, 18.8 per cent on the basis 
of the nitrogen values. By comparison with the phosphatide- 
free vitellin Preparation I-V (Table I), on the other hand, the 
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following heparin percentages are found: 14.3 according to the 
sulfur values, 34.3 according to the nitrogen values. The agree- 
ment between the analytical figures is obviously much better if 
the compound is formulated as a heparin-lipovitellin complez. 

Attempts at the preparation of lipid-free vitellin by milder 
methods than used hitherto, e.g. by means of protamines, were 
not successful. It should be interesting to study the effect of 
detergent agents on lipovitellin. 

The examination of the lipid distribution in mitochondria pre- 
sented in this paper showed that, in confirmation of Bensley’s 
findings (18), phosphatides formed only a small part of the ex- 
tracted lipids. About 26 per cent of the extract consisted of a 
fraction which was soluble in chloroform, insoluble in petroleum 
ether and acetone. The high cerebroside content of this fraction 
can be reconciled with its high phosphorus value by the assump- 
tion that it consisted of cerebrosides and lysophosphatides. Ben- 
sley and Hoerr (12) have, in fact, recorded the hemolytic activity 
of their fractions. The acetone-soluble fraction contained glyc- 
erides, cholesterol (almost exclusively in esterified form), and 
a small amount of phosphatides. The composition of the mito- 
chondria sample examined may tentatively be summarized as 
follows (in per cent of total dry material): phosphatides 4.0, 
glycerides: 5.4 (as triolein), cholesterol 1.2, cerebrosides 3.3, lyso- 
phosphatides (?) 4.3 (as palmityl lysolecithin), extraction residue 
72.0. Heparin had a similar effect on mitochondria as on lipo- 
vitellin: it combined with the lipoprotein without apparent dis- 
placement of the combined lipids. 

The composition of both proteins examined remained remark- 
ably unchanged by precipitation from alkaline solutions (Prepara- 
tion I-C in Table I, Preparation la in Table IV). 


The author is indebted to Dr. R. J. Bing for help with the liver 
perfusions, to Dr. A. E. Severinghaus for help and advice with 
regard to the microscopic examination of the mitochondria sam- 
ples, to Dr. W. M. Sperry for analyses by special methods, and 
to Mr. W. Saschek for several microanalyses. He wishes to 
thank Hoffmann-La Roche, Inc., Nutley, New Jersey, for the 
heparin samples used. The excellent assistance of Mr. A. Bendich 
in all phases of the work is gratefully acknowledged. 
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SUMMARY 


The preparation and some of the properties of two lipoproteins, 
viz. lipovitellin from hen’s egg yolks and mitochondria from rabbit 
liver, are described. 

The composition of the phosphatides occurring in the free state 
in egg yolk and of those combined with the yolk protein vitellin 
is essentially the same. Lipovitellin contains about 18 per cent 
of phosphatides (mainly lecithin and cephalin) which are liberated 
by treatment of the lipoprotein with alcohol. The action of 
heparin results in the formation of a lipovitellin-heparin complex 
without displacement of the combined phosphatides. 

The examination of the bases contained in egg yolk phos- 
phatides demonstrated the almost exclusive presence of choline 
and ethanolamine. The latter base was isolated and character- 
ized by means of a new derivative, the 3 ,5-diiodosalicylate. 

The study of the composition of the lipids contained in mito- 
chondria revealed the presence of glycerides, a small amount of 
phosphatides, cerebrosides, cholesterol esters, and, perhaps, lyso- 
phosphatides. 
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The preceding paper (1) presents a study of the lipid-protein 
complex lipovitellin, contained in hen’s egg yolk, and of the phos- 
phatides associated with it. The composition of the phosphatides 
occurring in the yolk in the free state was shown to be essentially 
similar to that of the lipids accompanying the vitellin fraction. 
Whether this similarity extended to the relative rates of syn- 
thesis in the organism of the “free” and “bound” lipids remained 
undecided. Moreover, the occurrence together of phospho- 
proteins and phospholipids raised the interesting question of a 
possible metabolic relationship between these two groups of sub- 
stances. This communication presents an attempt to obtain 
information on these points with the aid of the radioactive phos- 
phorus isotope. 

The origin of the phosphatides deposited by the laying hen in 
the eggs following the injection of Pj? has formed the subject of 
a careful investigation by Hevesy and Hahn (2). (Compare 
also (3).) The egg yolk phosphatides apparently are formed in 
the liver from which they are carried by the plasma to the ovary, 
where their deposition in the yolk takes place. For a review on 
the application of radioactive indicators in biology, see Hevesy (4). 
In the present report the relative rates of formation of the following 
egg yolk substances are compared: “free’’ lecithin and cephalin, 
combined phosphatides (i.e. contained in lipovitellin), vitellin, 
and acid-soluble phosphorus. 

The phosphorus compounds isolated from the yolks of eggs 


* This work has been supported by a grant from the John and Mary R 
Markle Foundation. 
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laid in the course of 8 days following the intramuscular injection 
of radioactive sodium phosphate were examined individually, as 
will be described later in this paper. The results obtained with 
two animals are graphically demonstrated in Figs. 1 and 2. It 
should be remembered that the yolk is assumed to spend about 
240 hours in the ovary, 3 hours in the glandular portion of the 
oviduct where about half of the egg white is deposited, 1 hour in 
the isthmus, and 17 hours in the uterus (5). 
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Fig. 1. Concentration of radioactive phosphorus in yolk fractions, Hen 
I. Ordinate, 10' KF units per mg. of P; abscissa, time in hours elapsed 
between second injection of Na,H*PQ, and laying of the eggs (Nos. 1 to6). 


In the egg yolks produced in the first 5 days following the ad- 
ministration of radioactive sodium phosphate the phosphopro- 
tein vitellin exhibited a much higher radioactivity than the phos- 
phatides. This difference disappeared in the later stage of the 
experiments where the drop in activity experienced with all frac- 
tions is, of course, attributable to the progressive dilution of the 
radioactive phosphorus with inactive phosphorus present in the 
food and in the body. 

The higher activity of vitellin may be explained in a number 
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of ways. It could, for instance, be assumed that the phospha- 
tides were formed at a slower rate than the vitellin, of which a 
larger proportion was of more recent origin; or vitellin may pos- 
sibly be formed in an organ having a higher concentration of the 
isotopic phosphate than the liver, which presumably is the place 
of formation of the yolk phosphatides (2). The first assumption 
appears more plausible at present. It is not unlikely that both 
the phosphatides and the phosphoprotein are carried to the ovary 
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Fic. 2. Concentration of radioactive phosphorus in yolk fractions, 
Hen II. (For an explanation of the coordinates see Fig. 1.) 


by the blood. In the blood of laying hens a considerable increase 
of the phosphatide level (6, 7) and the presence of vitellin (8) 
have been demonstrated. 

The radioactivities of the various lipid fractions examined were 
remarkably uniform. Lecithin and cephalin did not differ in 
the relative speed of their synthesis, as is the case in a number 
of animal organs (9-12). The absence of differences in radio- 
activity between the “free’’ and “combined” phosphatides is 
significant. The phospholipids occurring in egg yolk in the free 
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state and those accompanying the vitellin apparently are in 
equilibrium. 

The inorganic phosphorus samples examined (which included 
the acid-soluble P) uniformly exhibited a fairly low activity. 
One may consider them a measure of the concentration of in- 
organic *P prevailing in the plasma or the ovary rather than in 
the organs where the phospholipids and phosphoproteins of the 
yolk were synthesized.! 

The discovery of the presence of the hydroxyamino acid serine 
in brain phosphatides (13) (compare also (14, 15)) seems to make 
possible the assumption of a metabolic link between phospho- 
proteins and phospholipids. It is possible to visualize a mecha- 
nism proceeding in the following steps: phosphorylation of the 
protein at the serine hydroxy! groups; esterification of the phos- 
phoprotein with diglycerides; breakage of the peptide linkages 
with release of serine phosphatides; decarboxylation of the latter 
to the corresponding ethanolamine-containing cephalins; ete. The 
results reported in this paper do not provide sufficient proof of 
this mechanism; but the larger amount of radioactive phosphorus 
label found in the vitellin fractions, as compared with the phos- 
phatides, in the earlier stages of these experiments (Eggs 2 and 
3 from Hen I; Egg 2 from Hen II) may be considered indica- 
tive. 


EXPERIMENTAL 
Material and Methods 


The radioactive phosphorus P#j used was prepared by deuteron 
bombardment in the cyclotron. It was administered in the form 
of a neutral aqueous solution of NagH*PO,. 

The radioactivity of the phosphatide and vitellin preparations 
was measured in the dry state by means of a Geiger-Miiller counter, 
as described previously (16). The radioactivity of the inorganic 
phosphorus samples examined was measured in solution by an 
arrangement likewise described in a previous publication (16). 
The activities are expressed in KF units per mg. of *P. 


1 The asterisk before the symbol for an element indicates an unstable 


isotope. 
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Isolation of Phosphorus Compounds 


Free Phosphatides—The procedures followed throughout this 
study were essentially similar to those described in the preceding 
paper (1). Each yolk was after removal of the membrane sus- 
pended in 20 cc. of ice-cold saturated sodium chloride solution. 
A2cc. portion of the mixture was removed for the determination 
of inorganic P; the rest was three times extracted with 80 cc. 
portions of ether. It usually required about 12 hours for the 
layers to separate completely, during which time the mixture was 
stored in the refrigerator. The ether layers were, whenever nec- 
essary, separated by centrifugation. To the combined ether 
extracts anhydrous Na,SO, and about 10 gm. of finely powdered 
anhydrous NagHPO, were added. The mixture was chilled over- 
night, filtered through celite, and again left in contact with 
Na:HPO, for several hours. The ethereal filtrate was evaporated 
to dryness and the residue dissolved in ether. The solution was 
cleared in the angle centrifuge and concentrated. The addition 
of 3 volumes of absolute alcohol produced a partly oily precipi- 
tate which was washed with alcohol and acetone and purified by 
reprecipitation with acetone from its solution in ether. The 
cephalin fractions obtained in this manner formed light yellow 
waxes. The concentrated alcoholic mother liquors yielded on 
addition of 4 volumes of acetone the lecithin fractions, light yellow 
pastes, which also were purified by reprecipitation. 

Vitellin and Combined Phosphatides—The aqueous protein solu- 
tion remaining after the ether extraction of the yolk emulsion 
described above was dialyzed through cellophane against running 
tap water for 20 hours. The precipitated proteins were centri- 
fuged off, washed with distilled water, and suspended in 40 ce. 
of a mixture of equal parts of absolute alcohol and ether for 5 
hours. The protein then was extracted with the same amount 
of solvent for 14 hours and finally with boiling alcohol. It was 
filtered off, washed with alcohol and ether, and dried in vacuo, 
when the vitellin fractions were obtained as white powders. A 
procedure similar to that described in the preceding paragraph 
led to the isolation from the alcohol-ether extracts of the com- 
bined phosphatides. The amounts of cephalin which could be 
obtained from these lecithin-cephalin mixtures were too small 
to warrant their separate examination. 
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Acid-Soluble Phosphorus—To the 2 ce. portion of the yolk sus- 
pension in saturated sodium chloride solution, removed before 


TABLE | 
Radioactive Phosphorus Compounds in Egg Yolks 
The values for weight are given in mg. and for Pin percent. The radio- 
activity figures are given in KF units in 1 mg. of *P. 























et | ex No. | iia | ii gph" vieoin | fag 

“abl 

1| 2 | Weight | 494.5] 28.6 824.5] 1,812.3 

(29) | P | s2 34 36) oLa 
Radioactivity | 1,700 | 1,600 | 1,700 | 4,100 | 3400 

3 | Weight | 541.8) 39.6, 948.1) 1,811.0) 

(70) | P 3.5 3.2| 3.7 1.2 
| Radioactivity | 8,600 | 8,400 | 8, 600 14,000 7900 

4 Weight | 524.0 53.0 680.9] 1,852.9] 

(98) P 3.7 3.2 3.8| 1.2 
| Radioactivity (12,200 (13,000 12,600 |16,600 | 5400 

5 Weight 632.9] 37.2) 858.5] 1,808.0 

' (130) P 3.5] 3.4! 3.6 1.1) 
| Radioactivity {20,000 |21,000 |20,400 [19,500 | 5250 

6 Weight 778.2 35.9} 696.6) 1,743.0) 

(166) P 3.4 3.3 3.8| 1.1] 
Radioactivity /|13,600 (13,800 /|13,600 /|13,400 | 5000 

II 2 Weight 308.9 59.0) 792.5) 1,846.9) 

(75.5)| P 3.2 3.2! 3.5 1.1] 
Radioactivity [12,400 |12,400 [13,000 |16,300 | 7600 

3 Weight 610.0 80.8) 840.7) 2036.5 

(120) | P | 3.4) 3.1) 3.8] 0.9 
Radioactivity (15,800 (16,200 [15,700 25, 400 7700 

4 Weight 730.0, 66.9) 670.0} 927.1] 

(148) P 3.3} 3.3] 3.9 1.0 
Radioactivity 14,300 |15,000 |14,300 |17,000 | 4400 

5 Weight | 530.6} 49.01 759.7| 1,978.7! 

(192) P 3.5) 3.4 3.9 1.2 


Radioactivity (11,700 (10,500 (12,100 (10,600 | 3100 


* The figures in parentheses indicate the time in hours elapsed between 
the second injection of NasH*PO, and the laying of the egg. 


the extraction of the phosphatides with ether, 6 cc. of a 10 per 
cent solution of trichloroacetic acid in water were added. The 
precipitate was centrifuged and washed with a small amount of 
water. The combined supernatants were adjusted to a volume 
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of exactly 10 ce. The radioactivity of the solution was deter- 
mined as previously described (16), its P content by a colorimetric 
procedure (17). 


Formation of Phosphorus Compounds 


Each of two brown Leghorn hens received two intramuscular 
injections of 1.5 mg. of Na,H*PO, in 1 ec. of water. The second 
injections were given 18 hours after the first ones. The total 
amount administered to each animal corresponded to 0.654 mg. 
of *P with an activity (calculated on the same basis as the values 
given in Table I) of 66,880,000 KF units. 

In the course of the next 8 days Hen I laid six eggs and Hen 
II five eggs, all of which were examined individually as described 
in the preceding section. The results obtained are summarized 
in Table I. In both cases the first eggs were devoid of radio- 
activity. These eggs (both laid 5 hours after the second injec- 
tion of sodium phosphate), therefore, are not included in Table I. 


The author is highly indebted to Dr. E. O. Lawrence of the 
Radiation Laboratory of the University of California for the 
radioactive phosphorus used in these experiments and to Dr. 
H. H. Darby of this Department for advice and help with the 
animal experiments. He wishes to express his appreciation to 
Mr. A. Bendich for experimental assistance. 


SUMMARY 


The phosphorus compounds (free and combined phosphatides, 
vitellin, inorganic phosphorus) were isolated from the yolks of 
eggs laid in the course of 8 days following the intramuscular in- 
jection into hens of radioactive sodium phosphate. 

The rates of formation of “free” lecithin and cephalin and of 
the “combined” phosphatides accompanying the vitellin fraction 
were the same. The phosphoprotein vitellin in the earlier stages 
of the experiments exhibited considerably higher radioactivity 
than the phosphatides on a comparable basis. 

The possible biological relationship of the phosphoproteins and 
phospholipids is discussed. 
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A NOTE ON THE SEPARATION OF KIDNEY 
PHOSPHATASES 


By GERTRUDE E. PERLMANN anp RONALD M. FERRY 


(From the Department of Physical Chemistry, Harvard Medical 
School, Boston) 


(Received for publication, October 6, 1941) 


Kidney cortex is known to be a rich source of phosphatase. 
Using sodium §-glycerophosphate as substrate and working over 
a pH range from 4.0 to 10.0, Bamann and Riedel (1) found that 
extracts of autolyzed kidney cortex showed activity over the 
entire pH range studied, with two distinct maxima, one at pH 
5.5 to 6.0 and the other at pH 9.0 to 9.5. They concluded that 
there were two different enzymes present, an acid and an alkaline 
phosphatase, since it was possible to inactivate either one and 
still retain the activity of the other (2). A separation of the 
two enzymes without the inactivation of either one has not yet 
been described. 

During a systematic protein fractionation of beef kidney ex- 
tracts, we have studied the distribution of phosphatase activity 
in the various fractions and have found that the acid and alkaline 
phosphatases can be separated. 


EXPERIMENTAL 


For determination of phosphatase activity 2.0 cc. of the vari- 
ous enzyme solutions, prepared as described later, were made up 
to a final volume of 10.0 cc. by the addition of 5.0 ce. of buffered 
substrate and 3.0 cc. either of water or of various salt solutions. 
The buffered substrate solutions were prepared by mixing equal 
volumes of 0.2 m sodium -glycerophosphate and 0.2 m acetate 
or veronal buffer (3). Acetate was used in the range from pH 
4.0 to 6.0, and veronal in the range from 7.0 to 10.0. The final 
mixture was incubated at 37° for 2 hours. 5.0 ee. of 10 per cent 
trichloroacetic acid were then added. The solution was filtered 
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and the liberated inorganic phosphate determined by the method 
of Lohmann and Jendrassik (4). 

For the determination of protein nitrogen in the enzyme solu- 
tion 5.0 cc. of 0.1 mM metaphosphoric acid were added to 5.0 ee. 
samples. The resulting precipitate was centrifuged off, washed 
several times with distilled water, and dissolved by the addition 
of 10.0 cc. of concentrated sulfuric acid. The nitrogen was 
determined on aliquots by the Pregl micro-Kjeldah] method. 

Fractionation of Kidney Extracts—¥resh beef kidney was freed 
from blood by perfusion with saline. The cortex was frozen in 
liquid air and ground to a fine powder in a meat grinder cooled 
with dry ice. 1 part by weight was added to 5 volumes of 0.5 
M NaCl.!' The mixture was stirred at 3° for 2 hours. The solid 
particles were centrifuged off and discarded. The clear super- 
natant was tested for phosphatase activity. The results ob- 
tained in a typical experiment are shown in Fig. 1. The activity 
varies with the pH, showing two distinct peaks similar to those 
obtained by Bamann and Riedel (1) with extracts of autolyzed 
tissue. 

Fractionation of the extracts was carried out with saturated 
(NH,)S80, of pH 6.3, which was slowly dialyzed into the solution 
in the manner described by McMeekin (5). Four fractions were 
taken at (NH,)2SO, concentrations of 1.2, 2.0, 2.7, and 3.0 m 
respectively. The precipitates were separated by centrifugation 
and tested for phosphatase activity. The solutions for the en- 
zymatic tests were prepared by dissolving the precipitates in a 
minimum amount of 0.5 m NaCl. These solutions were dialyzed 
against the same salt solution until ammonia-free. 

The first two fractions separated, that is the proteins precipi- 
tated up to 2.0 m, were found to be inactive. The next two 
contained phosphatase, the fraction separating at 2.7 m having 
both acid and alkaline activity, and that separating at 3.0 m 
having only acid activity. The two active fractions were com- 
bined, dissolved in a minimum of distilled water, and dialyzed 
against distilled water at 3° until free from (NH,).SO,. A globu- 
lin precipitate which was separated during dialysis and the clear 


1 The NaCl solutions throughout were always adjusted to pH 7.0 with 
NaHCO,. 
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supernatant solution were both tested for phosphatase activity. 
The results are represented in Fig. 1. 

The phosphatase activity of the supernatant solution was dis- 
tributed over the whole pH range with a maximum at pH 5.5 
and a rapid decrease at more alkaline reactions. The precipitate, 
on the other hand, showed little activity in the acid range, and a 
sharp maximum at pH 9.3. 
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Fig. 1. Distribution of phosphatase in the crude extract and the active 
fractions. Phosphatase activity is expressed as mg. of P hydrolyzed in 
1 hour per mg. of protein nitrogen at 37°. 


It would thus appear that the acid and the alkaline phosphatase 
activities are associated with two different protein fractions, which 
can be separated by taking advantage of differences in their 
solubilities. The acid phosphatase is a water-soluble protein. 
The alkaline phosphatase is a water-insoluble, salt-soluble glo- 
bulin. 

The action of divalent cations on alkaline kidney phosphatase 
has been studied by several investigators (6-8). Mg and Mn have 











TABLE I 
Effect of Mn and Zn on Alkaline and on Acid Phosphatase Fractions 
Phosphatase activity is expressed as mg. of P hydrolyzed in 1 hour per 
mg. of protein nitrogen at 37°. 
i. “a | Metal ion added | pa. 7 | P hydrolyzed | Change 
Alkaline fraction 
Mw mg. per cent 
1 None 0.175 
Mn 0.001 0.417 +148 
0.0005 0.567 +225 
0.0001 0.685 +290 
0.00005 | 0.66 +278 
0.00001 0.502 +186 
2 None 0.535 
Mn 0.001 1.23 +130 
0.0005 1.73 +224 
0.0001 2.14 +300 
1 None 0.175 
Zn 0.001 0.035 —80 
0.0005 0.045 —61 
Acid fraction 
1 None 0.532 
Zn 0.01 0.253 — 52.5 
0.005 0.354 —33.5 
0.001 0.454 —15.0 
2 None 1.56 
Zn 0.01 0.725 — 53.5 
0.005 1.04 — 33.2 
0.001 1.30 —16.4 
3 None 1.58 
Zn 0.01 0.79 — 53.0 
0.005 1.10 — 30.5 
0.001 1.36 —15.5 
1 None 0.532 
Mn 0.01 0.406 — 23.0 
0.001 0.542 +2.0 
0.0001 0.548 +3.0 
2 None 1.56 
Mn 0.01 1.26 ~19.0 | 
0.001 1.58 
0.0001 1.56 
3 None 1.58 
Mn 0.01 1.36 —14.0 
0.001 1.57 
0.0001 1.63 +3.0 
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been found to activate this enzyme, whereas Zn has a slight in- 
hibitory effect. Little is known about the effect of these cations 
on the acid enzyme. Mg has no influence on the activity of the 
acid phosphatase, as shown by Bamann and Riedel (1). 

Further evidence for the existence of two enzymes, of which 
the chemical properties and presumably also the functions in the 
organism are different, is based on the action of Mn and Zn on 
the kidney phosphatases. 

The results obtained with the two fractions are represented in 
Table I. Zn has an inhibitory effect on both enzymes, whereas 
Mn activates the alkaline enzyme with an optimum effect at a 
total concentration of 0.0001 m. At this concentration Mn has 
no effect on the acid enzyme. Higher concentrations do, how- 
ever, cause a slight inhibition. 


SUMMARY 


The acid and the alkaline phosphatases of kidney cortex ex- 
tracts have been separated as two distinct protein fractions. 
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THE CHEMICAL NATURE OF ACTINOMYCIN, AN ANTI- 
MICROBIAL SUBSTANCE PRODUCED BY 
ACTINOMYCES ANTIBIOTICUS* 


By SELMAN A. WAKSMAN anp MAX TISHLER 


(From the Department of Soil Chemistry and Microbiology, New Jersey Agri- 
cultural Experiment Station, Rutgers University, New Brunswick, and 
the Research Laboratory of Merck and Company, Inc., Rahway, 
New Jersey) 


(Received for publication, October 2, 1941) 


In the study of the formation by soil microorganisms of anti- 
microbial substances possessing bacteriostatic and bactericidal 
properties, a species of Actinomyces was isolated and described as 
Actinomyces antibioticus (1). This organism was found (2) to 
produce a substance, designated as actinomycin,! which had a 
marked bacteriostatic effect against all bacteria, actinomycetes, 
and fungi tested; Gram-positive bacteria were much more sensitive 
than Gram-negative organisms, with considerable variation within 
each group. By the use of petroleum ether, it was possible to 
separate the active substance into two constituents; namely, 
actinomycin A, orange-red in color, and actinomycin B, colorless; 
the first was crystallized and studied in detail. This paper deals 
with the nature and properties of actinomycin A. 

The substance was obtained by growing the organism on a 
medium consisting of 1 per cent tryptone peptone, 0.5 per cent 
starch, 0.2 per cent K,HPO,, 0.2 per cent NaCl, and 0.25 per cent 


* Journal Series paper of the New Jersey Agricultural Experiment Sta- 
tion, Rutgers University, Department of Soil Chemistry and Microbiology. 

‘This name is not to be confused with the designation actinomycetin, 
suggested by Welsch (3) for preparations of certain actinomycetes, which 
have a lytic action upon specific bacteria. Actinomycin is different from 
actinomycetin in its chemical and biological properties and has now been 
isolated and crystallized, whereas the latter is merely a designation for a 
substance which has not been isolated or a process which is not as yet suffi- 
ciently understood. 
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agar in distilled water. It was also formed, in lower concentra- 
tion, however, on a synthetic medium. On the organic medium, 
growth of the organism proceeds rapidly at 25-35° and is ac- 
companied by the formation of a soluble dark brown pigment. 
The surface of the medium becomes rapidly covered with a white 
aerial mycelium having a faint yellowish green tinge. After 6 to 
10 days incubation, the cultures are extracted with ether for 
6 to 12 hours; this is repeated three to four times. The combined 
extracts are evaporated to dryness and extracted with petroleum 
ether, leaving a residue rich in actinomycin A. For testing pur- 
poses, the residue is dissolved in 95 per cent ethanol and the re- 
sulting solution is diluted with sterile water. The yield of the 
total crude active preparation is about 150 mg. per liter of medium 
and of actinomycin A about 100 mg. Actinomycin B has very 
little or no bacteriostatic action, but is frequently strongly bac- 
tericidal; this property does not seem to be constant. 


Chemical Properties of Actinomycin A 


The purification of crude actinomycin A was effected by 
chromatographic adsorption followed by fractionation of the 
eluate. For this procedure, the orange-brown residue remaining 
after the petroleum ether extractions was dissolved in benzene, 
filtered from a small amount of black material, and allowed to 
pass through a tower packed with aluminum oxide (Brockmann). 
On washing the tower with large amounts of benzene, a chromato- 
gram slowly developed. The column was then washed with a 
solution of acetone and benzene (15:85) until the yellow-orange 
band approached the bottom of the column. The elution of the 
pigment from the column was accomplished finally by further 
washing with 30 per cent acetone in benzene until the eluate was 
faintly yellow in color. The latter eluates were found by assays 
to contain all the active pigment, whereas all previous eluates, as 
well as the fractions remaining on the adsorbent, showed no bac- 
teriostatic or bactericidal activity. 

Pure actinomycin A was obtained by concentrating the 30 per 
cent acetone-benzene eluates to dryness, followed by recrystallizing 
the red solid residue from acetone-ether mixtures or from ethyl 
acetate. From these solvents, the pigment separates as vermilion- 
red platelets which melt at 250°, with slow decomposition. The 














S. A. Waksman and M. Tishler 521 


pigment is readily soluble in chloroform, benzene, and ethanol, 
moderately in acetone and hot ethy] acetate, and to a slight degree 
in water and ether. The color of the solid pigment depends on its 
state of subdivision; when ground very fine, its color is orange-red. 

The homogeneity of actinomycin A was established by examina- 
tion of the optical rotations and of absorption spectra (visible) 
of fractions obtained by repeated recrystallizations of the pigment 
from acetone and from ethyl acetate. 

Actinomycin is optically active, a solution of 5.00 mg. in 2 ce. 
of ethanol in a 1 dm. tube having a rotation —1.60°; [a]” = —320° 
+ 5°. As shown by the analytical results reported in Table I, 


TaBLe I 
Chemical Analysis ef Actinomycin A* 





Hydrogent | Nitrogent | —OCH:; | —NCH; | —cCH; | COCHst 








Carbont | 
‘gnent . per cent per cent per cent per cent per cent per cent 
59.01 6.81 13.35 0 6.32 7.72 2.85 
6.05 6.19 2.88 








* The samples were dried at 100° at 1 mm. 

+ Average of at least ten analyses on four different specimens. 

t Alkaline hydrolysis was necessary for the detection of acetyl; acid 
hydrolysis gave negative results. It has not been established that the 
volatile acid obtained in these determinations is acetic acid. This fact and 
the low analytical values need further examination. 


it contains carbon, hydrogen, oxygen, and nitrogen. Sulfur, phos- 
phorus, halogens, and metals are absent. 

The molecular weight of actinomycin A, as determined by the 
Rast method, with carbon tetrabromide as the solvent, was found 
to be around 1000. Cryoscopic measurements in cyclohexanol 
and in phenol were also made. In the former solvent, the molec- 
ular weight is 768 to 780, whereas in the latter the value is 813. 
Sufficient data are not yet available for assigning to actinomycin A 
a molecular formula free from reasonable doubt, because of the 
high molecular weight of the pigment. Table II contains a few 
of the many possible molecular formulas. The assignment of the 
correct formula must await careful investigation of degradation 
experiments. 

Actinomycin A exhibits characteristic absorption in the visible 
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and ultraviolet regions. 
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In ethy] alcohol, 
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it shows strong absorp- 




















Tas_e II 
Possible Molecular Formulae for Actinomycin 
Molecular formula Moi.w. | c | Ho | N 
- - 
per cent per cent | per cent 
OE) Serre 837.5 58.86 6.71 13.38 
CesHeeN Ore. ..........- 752.6 59.09 6.91 13.04 
CasHigN 105-$H;,O............... 732.6 59.18 6.91 13.38 
q | | T 
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; Fic. 1. Absorption spectrum (visible) of actinomycin A, in 95 per cent 


alcohol. 


250 mu (Fig. 2). Slight shifts of the position of the maximum of 
the ultraviolet absorption spectrum have been observed in the 
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case of some samples on standing. Accompanying this shift was 
a marked increase in the intensity of the absorption. This be- 
havior is indicated in Fig. 2 where E)'% = 216 at 241 mp 
after 6 minutes; after 21 hours a constant value £,32 = 288 
at 244 my is reached. The nature of this change is not under- 
stood at this time. It is interesting that no difference in the 
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Fic. 2. Ultraviolet absorption spectrum of actinomycin A. Curve I, 
after 6 minutes; Curve II, after 21 hours (the curve after 27 hours was the 
same). 


optical rotation of freshly prepared solutions and those aged for 
several days was observed. 

Actinomycin A is not soluble in dilute aqueous NaOH or in dilute 
mineral acids. It is soluble in 10 per cent hydrochloric acid and 
appears to be regenerated by diluting such solutions with water. 
With strong alcoholic NaOH (Claisen’s alkali), a purple color is 
formed which, however, rapidly disappears. It does not give a 
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color with alcoholic ferric chloride. It is readily reduced by 
sodium hydrosulfite and by stannous chloride, but is unaffected by 
sodium bisulfite. With sodium hydrosulfite the reduction is 
characterized by a change in color, red to pale yellow. The color 
change is reversed by exposing the reduced pigment to air. The 
same reversibility of color occurs when the pigment is subjected to 
catalytic hydrogenation in the presence of platinum oxide. 
Actinomycin A on reductive acetylation at 10° with acetic 
anhydride, zinc dust, and pyridine yields a pale yellow com- 
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Fig. 3. Absorption spectrum of reduced acetylated actinomycin A 


pound which melts at 241° and shows the following analytical 
values: C, 58.29, 58.52, 58.55; H, 6.33, 6.45, 6.36; N, 12.48, 12.04; 
acetyl, by acid hydrolysis, 8.73, 8.69; by alkaline hydrolysis, 10.84. 
Its absorption spectrum (Fig. 3) is decidedly different from that 
of the pigment (Fig. 2), indicating a fundamental change in the 
chromophoric group of the parent substance. 

Acetylation of the pigment in the absence of zine dust, at 100° 
for 3 hours, leads to a new product which has the same color and 
melting point as the starting material. A mixture of the 
acetylated compound with actinomycin A, however, melts some- 
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what lower (246-249°). It showed the following values on analy- 
sis: C, 58.27, 58.09; H, 6.56, 6.56; N, 12.36, 12.46; acetyl by 
alkaline hydrolysis, 10.64. 

From the above data, it appears that actinomycin A has one 
or more functional groups capable of reversible reduction-oxidation 
(probably quinone in nature) and several others capable of acetyla- 
tion (probably hydroxyls). The quinone-like structure of the 
pigment is borne out by its sensitivity to alcoholic NaOH, and to 
hydrogen peroxide in the presence of sodium carbonate. In the 
latter instance, the color rapidly disappears and a cleavage seems 
tooccur. In connection with the possibility of a quinone structure 
for actinomycin A, it should be recalled that Morgan and Cooper 
(4) demonstrated that quinones have marked bactericidal 
properties. 

Actinomycin in alcohol-water solutions is resistant to the 
action of heat, being able to withstand boiling for 30 minutes. 
When such solutions are made acid, however, boiling has a destruc- 
tive effect upon the activity of the substance, the extent of destruc- 
tion being directly proportional to the concentration of acid. The 
effect of alkali, however, is much greater. Dilute alkali changes 
the color of the substance to light brown, accompanied by a re- 
duction in activity. This can be largely restored when the solu- 
tion is made neutral again. At a higher alkalinity (0.25 N), es- 
pecially at boiling temperature, the activity and reversibility are 
destroyed. Exposure of solutions to light for 1 to 3 months re- 
duces the activity of the pigment very little. 


Biological Properties of Actinomycin A 


Actinomycin A has been found (2) capable of inhibiting the 
growth of various bacteria, such as Sarcina lutea and Bacillus 
subtilis (Table III), in as low concentrations as 0.01 to 0.1 mg. 
per liter of medium, which is a dilution of 1:100,000,000 to 
1:10,000,000. Assuming that the molecular weight of actinomycin 
is about 1000, its bacteriostatic action against these bacteria takes 
place in concentrations of 1 K 10-7 to 1 X 10-*m concentration. 
Certain Gram-positive and especially many Gram-negative bac- 
teria, however, are more resistant. The colon-typhoid group is 
most resistant, 100 to 200 mg. per liter being required to inhibit 
their growth. Further quantitative data on the effect of actino- 
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mycin A on various microorganisms are shown in Tables 
III and IV. 

Actinomycin A is highly toxic to animals, 10 y being sufficient 
to kill mice weighing 20 gm. in 24 to 48 hours, when injected 


Tasie III 

Sensitivity of Different Bacteria to Pure Actinomycin A 
Growth on incubation of plates, for 48 hours, at 28° or 37°; 0 = none, 
1 = trace, 2 = fair, 3 = good. 


Concentration Bacillus Bacillus Sarcina Escherichia ¢ at Aerobacter 











per 10 cc. agar | mycoides subtilis lutea aerogenes 
Pras ESSE Pe ae = iz? 
, | | 

5 ge. 0 o | 

1 0 0 0 | 

0.5 | 0 0 0 

0.2 | 1 1 | 0 

0.10 3 3 0 

0.05 3 3 3 

mg. 

2 0 1 

l = a 

TaBLe IV 


Bactericidal Action of Actinomycin A 
Bacillus subtilis was used as a test organism. 


Concentration of actinomycin Total viable cells Spores 
mg. : Ai 7 ii 
Start 490 , 000 66 , 000 
Control* 82, 200,000 551,000 
0.01 746 ,000 OT 
0.10 284 , 000 
1.00 110,000 Ot 


* Incubated for 20 hours at 28°. 

t Because of the low dilution of the culture used in plating for spores, 
it is possible that the actinomycin carried over from the culture into the 
agar inhibited the developmentof Bacillus subtilis on the plate. 


intraperitoneally or subcutaneously. It is also highly toxic when 
administered orally (5). 

Actinomycin A may be thus added to the growing list of com- 
pounds isolated from microorganisms, which possess bacteriostatic 
and bactericidal properties. This list now includes penicillin 
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and gliotoxin, produced by fungi, and pyocyanase, pyocyanine, 
gramicidin, and tyrocidine, produced by non-spore-forming and 
spore-forming bacteria. Certain bactericidal preparations pro- 
duced by different species of actinomycetes have previously been 
described (6). However, the active principle of these prepara- 
tions has never been isolated; some of the preparations were 
claimed to be related to lysozyme, since they were water-soluble 
and insoluble in ether, alcohol, and other solvents. These prepara- 
tions also appear to be less toxic than actinomycin A to animals. 
They differ considerably from actinomycin A in the mechanism of 
their action upon various specific bacteria. Among 250 or more 
strains of actinomycetes isolated from various sources and tested 
so far, none, but Actinomyces antibioticus, was found able to pro- 
duce the typical actinomycin. 


The authors wish to express their indebtedness to Mr. H. Boyd 
Woodruff and Mr. L. G. Ginger for assistance in making some of 
the preparations used in this work, and to Mr. D. F. Hayman, 
Mr. W. R. Reiss, Mr. R. N. Boos, Mr. H. 8. Clark for the micro- 
analyses. 


SUMMARY 


A red pigment, designated as actinomycin A, has been isolated 
in a pure crystalline form from a soil organism, Actinomyces anti- 
bioticus. Out of 250 strains of actinomycetes tested, no other 
organism appears to produce this pigment. 

Actinomycin contains 59 per cent carbon, 6.8 per cent hydrogen, 
13.35 per cent nitrogen, and 20.8 per cent oxygen. It appears to 
be a polycyclic nitrogen compound. 

Actinomycin is optically active, having a molecular weight of 
about 800. It exhibits characteristic absorption both in the visible 
and ultraviolet regions. From its behavior towards reducing 
agents, the pigment appears to have a reversible oxidation-reduc- 
tion system, apparently of a quinone type. 

Actinomycin is an active bacteriostatic and bactericidal (as 
well as fungistatic and fungicidal) agent, the degree of activity 
varying with the nature of the organism. It is active in con- 
centrations of 1:100,000,000 against certain Gram-positive 
bacteria. 

Actinomycin is highly toxic to animals. 
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A STUDY OF ASCORBIC ACID SYNTHESIS BY ANIMAL 
TISSUE IN VITRO* 


By C. V. SMYTHE anp C. G. KING 
(From the Department of Chemistry, University of Pittsburgh, Pittsburgh) 


(Received for publication, November 7, 1941) 


It is well known that the tissues of albino rats, without an 
external source of vitamin C, contain appreciable concentrations 
of ascorbic acid as measured by staining techniques, chemical 
titration, and biological assay. The relative distribution and 
absolute concentrations appear to be fairly constant and regulated 
by synthesis in vivo, under most conditions of dietary regimen, but 
extreme variations in diet and in specific chemical treatment have 
been reported to induce measurable changes in the distribution 
and possibly in the total body content of ascorbic acid. Far more 
striking than the changes in tissue concentration, however, are the 
changes that can be induced in urinary excretion. When the ani- 
mals are given a diet of natural foods and fed 20 to 50 mg. per day 
of such compounds as chloretone, chloral hydrate, or certain 
barbituric acid derivatives, the urinary excretion of the vitamin 
commonly rises from approximately 0.2 mg. per day to a range of 
10 to 50 mg. per day (1, 2). Lesser degrees of increased excretion 
are caused by a large number of compounds (3, 4). 

A point of special interest has been the correlation between 
substances that cause an increased excretion of glucuronic acid in 
some animals and ascorbic acid, or both acids, in others. The pre- 
liminary observation that 3-carbon intermediates of carbohydrate 
metabolism caused an increase in ascorbic acid synthesis (5), al- 
though glucose did not, led to a further possible analogy between 


* The authors are indebted to the Buhl Foundation for a research grant 
in support of the present investigation. 

Contribution No. 448 from the Department of Chemistry, University of 
Pittsburgh. A portion of the data in the present manuscript was presented 
before the meeting of the American Society of Biological Chemists at New 
Orleans, March 13-16, 1940. 
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530 Synthesis of Ascorbic Acid 

the two acids, since there is also evidence that glucuronic acid does 
not arise directly from glucose (6, 7). Lipschitz and Bueding 
have reported studies of d-glucuronic acid synthesis by tissue 
slices (8). 

There are a number of reports in the literature which indicate 
a synthesis of the vitamin by isolated animal tissues (9-15). Some 
of the reports indicate an appreciable synthesis from one or more 
of the hexose sugars, particularly mannose, but other workers 
(16-22) were not able to confirm the work of Guha and others 
relative to the synthesis from mannose. Von Sztareszky placed 
special emphasis upon [-sorbose (15); Miiller (14) and Widenbauer 
and Koschorreck (19) obtained maximum yields with glucose, 
and Rudra reported that manganese was an effective agent to- 
gether with sugars (10). Mitolo (13) reported finding appreciable 
synthesis by guinea pig tissues. A paper by Mawson (23) shows 
that the apparent vitamin concentration does not decrease when 
tissues are incubated for as much as 4 hours; and although he was 
not concerned with a synthesis of the vitamin, his figures actually 
indicate a slight increase. So far as we are aware, no one has re- 
ported a large number of analyses indicating the degree of varia- 
tion that occurs in tissue slice experiments. 

The apparent acceleration in rate of synthesis that resulted 
from feeding special chemicals when the animals received a com- 
posite diet, such as milk or dog chow, was not observed when a 
purified diet was fed or when the animals were subjected to inani- 
tion. These and other considerations led to the present study of 
ascorbic acid synthesis by tissue slices, thus permitting more 
specific control of reaction conditions, especially with reference to 
(a) the substrates from which ascorbic acid might be synthesized 
and (b) the relative activity of different tissues from rats (normal 
and stimulated), guinea pigs, and humans. 


EXPERIMENTAL 


The albino rats were raised on a dog chow diet; those reported 
as “treated” were then transferred to a milk diet plus 20 mg. of 
chloretone per day for at least 2 weeks in advance of the tests. 
A few rats received a similar quantity of phenobarbital. The 
animals were killed by cutting their throats and allowing them to 
bleed as much as they would. The organ to be used was then re- 
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moved and sliced, The slices were not washed, because washing 
removes an appreciable quantity of ascorbic acid. Each slice 
was weighed on a torsion balance immediately after being cut 
and this weight was used as a basis for all calculations, the dry 
weight being considered as 20 per cent of the wet weight. One or 
more samples were transferred at once to 3 per cent metaphosphoric 
acid solution for ascorbic acid estimation and adjacent slices were 
placed in Warburg vessels for the various experiments. All the 
recorded changes in vitamin concentration are with reference to 
the concentration found in the slices placed directly in metaphos- 
phoric acid. With liver and brain (cerebrum) no difficulty was 
experienced in getting successive slices that showed the same con- 
tent of ascorbic acid. With kidney it was necessary to cut away 
the outer portion of the cortex before slices were taken, because the 
outer portion contained as much as 20 per cent less vitamin. 
Tissue extracts were prepared by grinding the tissues with twice 
their weight of Ringer-phosphate solution and centrifuging to 
give a turbid suspension. Homogenized tissues were also pre- 
pared with twice the tissue weight of Ringer-phosphate solution. 
The ascorbic acid was determined by the 2 ,6-dichlorobenzenone- 
indophenol method essentially as described by Mindlin and Butler 
(24) and Bessey (25). Most of the determinations were made with 
15 second readings on the photoelectric colorimeter and the re- 
mainder with 30 second readings. Corrections were applied for 
the slow reduction and for the turbidity of the solutions. 
Attempts to determine the reversibly oxidized form of the 
vitamin, dehydroascorbie acid, led to a clear demonstration of a 
possible source of gross error in the procedure that has been com- 
monly used in such analyses. In a number of our experiments 
with added substrates, reduction by hydrogen sulfide for 1 hour 
at pH 3.5, followed by removal of the gas with a rapid stream of 
wet nitrogen, led to the presence of large amounts of reducing sub- 
stances that could not be differentiated from the vitamin by the 
standard dye reaction, even with the photoelectric colorimeter. 
It was then found that treatment of the pure compounds alone 
(e.g. pyruvic acid and glyceraldehyde) with H.S under the same 
conditions caused a similar apparent vitamin formation. Direct 
titration at pH 1 instead of 3.5 caused the 5 second end-point value 
to be decreased, but the interference was not eliminated. The 
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reducing action was not destroyed by prolonged aeration, even 
when the solutions were heated to boiling, but it was destroyed 
slowly by iodoacetamide or iodoacetate. In view of the results 
obtained with quinones and with common intermediates of 
carbohydrate metabolism (Table I), it is evident that values for 
dehydroascorbie acid obtained by this method can be accepted 
only with extreme caution, and, further, that the methods for 


TaBis | 
Reducing Material Formed by Hydrogen Sulfide Treatment 
Reaction of product with 2,6-dichlorobenzenoneindophenol within 
15 seconds or less; concentration of solutions, 0.001 to 0.0003 m; pH, 3.5; 
H,S removed after 2 hours. 





| Approximate mole 





Compound* cent conversion, ‘u- 
lated as ascorbic acid 
Ps Sadi Sik civceis Le rer ee F | 35 
cts ita hvbnte déhibeciralekepeaeawhbn 40 
i il ae aD. deadliest 42 
2-Methylnaphthoquinone............................. 21 
sh a a a RE Le I ap 25 
I coh cose iceuncaccscasabcsdescodys | 46 





* The following compounds did not show significant interference: glu- 
cose, glucose-6-phosphate, fructose, fructose-1,6-diphosphate, sorbose, 
xylose, glucuronic acid, levulinic acid, kojic acid, furfural, hexadienal, 
butyraldehyde, acetone, diacetone alcohol, acetoacetic acid, cyclohexanone, 
phorone, benzoin, vanillan, piperitone, uric acid, biuret, xanthine, oxamide, 
propionamide, and 2-methylanthraquinone. Fructose diphosphate caused 
interference when added to tissues, however. Acetaldehyde, mannosac- 
charic acid, and 5-ketogluconic acid showed variable interferences, com- 
monly in the range of 0.5 to a few per cent. Crude quinone-rich plant 
extracts, e.g. cascara sagrada, also formed interfering substances. 


ascorbic acid analysis which involve clarification with mercuric salts, 
followed by H,S treatment, are subject to the same error. 

The osazone method of Roe (26), which is often of value for 
estimating ascorbic acid in the presence of interfering substances, 
was also tried, but on a micro scale it did not give values that 
were satisfactory for measuring small differences, particularly in 
the cases of greatest immediate interest when carbonyl compounds 
were present as substrates. The substrates tended to precipitate 
with the vitamin and complicated the rest of the determination. 
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The ascorbic acid analyses (Tables III and IV) recorded, there- 
fore, represent the material that reduced 2,6-dichlorobenzenone- 
indophenol within 15 seconds. The general applicability of the 
method for ascorbic acid, plus the known fact (1, 2) that the 
treated rats from which tissues were taken were producing and 
excreting large amounts of ascorbic acid (as shown by biological 
assay in addition to titration), is sufficient justification, we feel, 
for calculating and reporting our results as ascorbic acid without 
reference to the possible quantities of dehydroascorbie acid or 
interfering substances that might have been present in low con- 
centrations. 

In the first experiments slices of kidney and liver from normal 
and treated rats were placed in Warburg vessels containing Ringer- 
bicarbonate solution and an atmosphere of 5 per cent CO, + 95 
per cent O,. The pH was 7.4. Under such conditions the Qo, 
values (c.mm. of O, consumed per mg. of dry weight per hour) 
were large, and in every case a marked loss of vitamin was ob- 
served during the experiment. When slices were placed in Ringer- 
phosphate solution of pH 7.0 with air, the Qo, values were smaller 
and the loss of vitamin became much smaller or was changed to a 
net gain. The Qo, values obtained under these conditions for 
liver, kidney, and brain from normal and treated animals are 
recorded in Table II. Those calied “normal” are not normal 
Qo, values but Qo, values for normal tissues under the stated 
conditions. The values are low, in part because they were cal- 
culated on the basis of 20 per cent of the wet weight at the be- 
ginning of the experiment. If they were based on the dry weight 
of the slices remaining at the end of the experiment, they would be 
considerably higher. Other conditions that contributed to the 
low values, such as a pH of 7.0 and a large amount of tissue 
(about 200 mg. of liver and brain, and 100 mg. of kidney), were 
chosen because of their beneficial effect on the vitamin preservation 
and for ease of analysis. The values obtained were reproducible 
as indicated by the standard error in each case. Since the condi- 
tions for the normal and treated tissues were the same, the results 
are strictly comparable for the two groups. Of the Qo, values, 
only those for treated brain are significantly different from normal 
values. The addition of chloretone to the Ringer-phosphate 
solution bathing the slices lowered the oxygen consumption in all 
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cases, as had been shown previously for brain (27), but further 
lowering of the oxygen consumption by the addition of chloretone, 


Tas_e II 
Tissue Slice Values for Qo, and QN:, under Stated Conditions 


Approximately 200 mg. (wet weight) of tissue were used per vessel. 
The Qo, values were measured in a phosphate-Ringer’s solution of pH 7.0, 
in an atmosphere of air. The values of ON, were measured in a bicar- 
bonate-Ringer’s solution of pH 7.4, in an atmosphere of 5 per cent CO, + 
95 per cent N». J = 37°. 1 hour intervals were used for the calculations. 

N. indicates normal tissue; T., treated. + values represent standard 
errors. 









































No substrate added 901 ss Pasnee so wer ~~~ 

8 3 2 3 3 8 

: : : : ; : 

Tissue | & é E E E E 
2} %, | 2] ONia | &| % | 8} ONa| 2} Go. | &] ot, 

bal | & 2 o © ® 

% |S % S 3 s 

Ss A) x 6 ra) ° 

Zz. vA Z. Z. Z Z 
Brain. N. |5| 2.8) 5| 1.2}11| 2.4/ 11) 3.814] 3.1] 6] 2.9 
+0.4) +0.1 +0.2 +0.4 +0.3 +0.1 
«“ r. |5/ 1.8 9| 0.9115] 1.9] 9 4.316! 1.91 8| 3.0 
+0.2 +0.1 +0.1 +0.1 +0.2 +0.2 
Liver. N. |6/ 2.8) 15) 4.7} 4] 2.6) 4) 5.8/4] 3.1) 4] 11.0 
+0.2 +0.4) +0.2) +0.8 +0.3 +1.0 
“  T. |6] 3.4) 11) 1.9) 11} 3.0) 7] 2.1/6] 3.1) 11] 5.3 
+0.3 +0.1] | 40.2 +0.2 +0.2 +0.7 
Kidney. Nj 4/ 6.3) 7] 1.9) 10) 6.0; 5) 2.9)4] 4.8] 4) 5.8 
| +0.9 +0.1| | +0.3) | 40.3; | 40.2 +0.6 
“ T. 7 | 5.0} 4} 1.5] 5} 5.3} 4] 3.0/6] 5.0) 4) 7.3 
| £0.5) | 40.4) | +0.5) | 40.1) | 40.3} | 40.8 


* The term ‘‘intermediates’’ designates a mixture of sodium pyruvate, 
dl-glyceraldehyde, and the potassium salt of hexose diphosphate. The 
final medium was 0.01 m with respect to each component. We are indebted 
to Professor H. O. L. Fischer for a generous gift of dl-glyceraldehyde. 


or by other means such as KCN, did not cause an increase in the 
vitamin concentration. 

The total acid production, Q,Nj, of the different tissues in 
Ringer-bicarbonate solution with 5 per cent CO. + 95 per cent 
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N; is also shown in Table II. The values for liver from treated 
animals are markedly low. The reason for this difference is ap- 
parently not to be ascribed to a difference in fat or moisture con- 
tent, because the Qo, values are not lower than those for normal 
liver. The fact that the livers of treated animals showed markedly 
lower Q.N:, values is of interest in relation to other observations on 
liver function and nerve depressants (28). It will also be noted 
that Q,S:, values for brain tissue were markedly increased in both 
the normal and treated animals by the addition of glucose. Liver 
and kidney tissues showed greatest acid production when the inter- 
mediates! (pyruvate + dl-glyceraldehyde + hexose diphosphate) 
were provided as substrate. 

The data obtained for changes in the ascorbic acid concentra- 
tion of brain, liver, and kidney under various conditions are re- 
corded in Table III. In addition to the experiments listed, experi- 
ments with other tissues and with the same tissues and other 
substrates, alone and in various combinations, were carried out. 
The other substrates tested were glycogen, mannose, sorbose, glu- 
cose-6-phosphate, /-glycerophosphate, lactic acid, dihydroxyacetone, 
methylglyoxal, succinic acid, fumaric acid, malic acid, B-hydroxy- 
butyric acid, ethyl acetoacetate, citric acid, acetic acid, creatine, 
d-glucuronic acid, /-2-ketogulonie acid,? and a number of amino 
acids, including cystine and cysteine. None of these compounds 
led to vitamin values exceeding those reported in Table III, and 
the average values with other substrates were lower than shown 
for the pyruvate + glyceraldehyde + hexose diphosphate com- 
bination. The same was true for combinations of tissues; e.g., 
liver and kidney. Alternate anaerobic and aerobic periods were 


! The reasons for choosing these particular intermediates were as follows: 
It is known that dihydroxyacetone phosphate can condense with a number 
of aldehydes (29). The product formed by condensation with /-glyceralde- 
hyde (l/-sorbose-1-phosphate) could be converted to ascorbic acid by oxida- 
tion at carbon atom 1 and ring closure. Hexose diphosphate was used to 
supply the dihydroxyacetone phosphate. Pyruvic acid could serve as a 
possible hydrogen acceptor for the necessary oxidation or as an alternate 
unit for conjugation with glyceric aldehyde. 

? The authors are indebted to Dr. Eric Ball for the /-2-ketogulonic acid 
used. Dr. Ball found the compound to be inactive as an antiscorbutic 
material (30) in guinea pigs, in agreement with independent results ob- 
tained in our laboratory at another time. 
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also tested but they did not increase the vitamin values. The 
failure of /-2-ketogulonic acid to cause increased ascorbic acid 


Tasie III 
Changes in Vitamin C Content of Tissue Slices 

All aerobic experiments were done in phosphate-Ringer’s solutions of 
pH 7.0, in an atmosphere of air, and continued for 1.0 to 1.5 hours. Most 
of the anaerobic experiments were done in phosphate-Ringer’s solution of 
pH 7.0, but some were done in bicarbonate-Ringer’s solution of pH 7.4. 
All were continued for 3 hours. Approximately 200 mg. of tissue were 
used per vessel. 7’ = 37°. + values represent standard errors. 









































No substrate | 0.01 m glucose | Intermediates* 
added as substrate as substrate 

‘ : : 

Source Tissue Conditions E 8 iH 
| Samat or | | veannte yor | fh] visual eee 
S| gm. tissue | S| gm. tissue | | gm. tissue 

3S S Ss 

Zz z Zz 

Y Y Y 

Normal rats.| Liver | Anaerobic| 5| —4 + 10) 5\—11 + 18) 7] -1 +4 8 
Treated “ . 3 ” 18}+35 + 8] 8i+11 + 12/82;\456 + 7 
Normal “ .| Brain - 7; +9 + 20) 7/413 + 8} 4/410 + 2 
Treated ‘ " " 10}+13 + 20)10/+24 + 18/13}+32 + 22 
Normal ‘“ | Kidney - 5|+26 + 7) 4) +9 + 6/10.4+22 + 4 
Treated ‘ - a 9|+34 + 17) 3412 + 7/354+71 4 7 
Normal “ Liver | Aerobic 4,°-+9+ 6) 5 +7 + 14) 4/-1l1 + @ 
Treated “ . 7 7 8'+15 + 20) 64+28 + 7) 5|—20 + 19 
Normal “ Brain 4 4\+24 + 24) 5|/—-14 + 17) 4/+26 + 11 
Treated ‘“ “ - 6}+98 + 16/15,4+43 + 14) 5) +6 + Il 
Normal “ .| Kidney “s 4|—34 + 28) 4 +5 + 21) 4/-23 + 9 
Treated ‘“ " = 4|—29 + 16) 5|/—40 + 21) 8|+14 + 21 
Guinea pigs..| Liver | Anaerobic| 2; —4 + 4) 3) O+ 8 4/4224 7 
" ‘* ..| Brain 3 5} —3 + 10) 5} -3 + 7) 4/413 + 5 
¥ “ _.| Kidney ag 22.434 3/2) 4+5+ 4) 3)4+10+ 5 
Humant.....| Liver _ 4\+23 + 21/3} +8 + 5| 6431 4 7 
si -, ” Aerobic 3|—37 + 12 


* Same as in Table II. 
t Subject to the error caused by oxyhemoglobin. See the text. 


formation was of special interest because of its close structural 
relation to ascorbic acid—only one step removed, and independent 
of further oxidation-reduction reactions. The result tends to 
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eliminate this product from consideration as a normal precursor of 
ascorbic acid in rat tissues. 

An inspection of Table III reveals that, whereas normal tissues 
show little evidence of ascorbic acid synthesis, the evidence ob- 
tained with tissues from treated rats is considerably stronger. The 
variation within some of the groups was so great, as indicated by 
the standard error in each case, that the differences from normal 


TaBiLe IV 
Change in Ascorbic Acid Content of Muscle and Kidney Extracts and 
Homogenized Muscle 

The tissues were removed from treated rats and ground or homogenized 
with twice their weight of Ringer-phosphate solution. The ground tissues 
were centrifuged. An amount of extract or suspension equivalent to 1 gm. 
of tissue was used per vessel. The pH was adjusted to 7.0 by phosphate 
buffer. The vessel was filled with N;. 7 = 37°. 











Tine" | Seraetest |. 
Y | hrs. 
Brain extract +24 3 
| +40 | 5 
Liver si +66 3 
+68 5 
Kidney “ +30 1 
+52 3 
+95 | 5 
Muscle “ +1 1 
+4 2 
+8 4 
Homogenized muscle +8 3 
+10 5 





* In the presence of ‘‘intermediates’’ as substrate, defined in Table II. 


are not significant, but in a few cases the difference is highly sig- 
nificant. It may be observed that guinea pig tissues do not show 
an appreciable increase, and human liver occupies an intermediate 
position. The human livers represent four samples, two adult and 
two embryonic; the former contained initially 0.18 mg. of vitamin 
per gm. of liver and the latter 0.33 mg. These tissues differed 


* We are indebted to Professor D. Hooker for the embryonic liver and to 
Dr. A. J. Bruecken for the adult liver. 
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from the others in that they contained large amounts of blood, 
and hence may have given lowered initial values (31), with a re- 
sultant indication of slight synthesis. It is recognized that the 
addition of metaphosphoric acid to fresh whole blood or oxyhemo- 
globin may result in rapid oxidation of a part of the ascorbic acid 
present, whereas an incubation period previous to the addition 
of acid could permit reduction of the oxyhemoglobin through 
other channels, and thus lead to an apparent increased ascorbic 
acid content. This source of error should not have influenced 
the comparative results obtained with rat tissue, however, since 
both normal and treated animals (and guinea pigs) were com- 
parable. Any error that might be caused by oxyhemoglobin would 
be particularly low in brain tissue. The embryonic livers con- 
tained a large amount of reducing material that reacted more 
slowly than the vitamin. Most of the slow reduction was 
abolished by iodoacetamide. 

Since it is difficult to prepare slices from muscle, tests were 
made with muscle extracts and homogenized muscle. The results 
from individual experiments are shown in Table IV. Comparable 
results with extracts of brain, liver, and kidney are also included. 

DISC USSION 

If the increases in vitamin concentration reported in Tables 
III and IV be accepted as a measure of the actual synthesis by these 
tissues, one can readily calculate how much excretion of the vitamin 
by an intact rat could be attributed to the tissues studied. Since 
the excretion figures are for a 24 hour period and the longest ex- 
periments in Table III are for 3 hours, the gains in Table ITI would 
be multiplied by 8. In the best case, there would be produced 
about 0.45 mg. of vitamin per gm. of liver per day. A 6 gm. liver 
would thus make available for excretion about 2.7 mg. of vitamin. 
Kidneys and brain would account for about 2.0 mg. Muscle, on 
the basis of Table IV, might account for another 4 to 5 mg. The 
total for all of the body might easily reach 10.0 mg. on the basis 
of the in vitro tests, which is in good agreement with the data for 
ascorbic acid excretion by chloretone-fed rats (2). 

A point of special interest pertains to the ascorbic acid content 
of the tissues from normal and treated rats, since there was clear 
indication of an accumulation of the vitamin in the tissues of 
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treated animals. The values, expressed in micrograms per gm., 
were as follows: from normal animals, brain (fourteen animals) 
405 + 19, liver (seventeen animals) 191 + 22, kidney (thirteen 
animals) 114 + 10; from treated animals, brain (thirty animals) 
458 + 14, liver (forty-three animals) 461 + 19, kidney (forty-three 
animals) 285 + 13. The values for normal animals are in good 
agreement with earlier data based upon macrotitration (32). 

During the course of the investigation it was found that rat 
liver slices evolved appreciable quantities of hydrogen sulfide when 
cysteine was added as a substrate (33). Fromageot, Wookey, 
and Chaix (34) had made a similar observation concerning dog 
liver. Since the production of hydrogen sulfide might cause an 
appreciable error in the ascorbic acid determinations, especially 
in those cases in which substrates containing carbonyl groups were 
present, it is necessary to point out that in the present study the 
results obtained with brain and kidney (indicating ascorbic acid 
synthesis) were similar to those found with liver, although these 
tissues (brain and kidney) do not show appreciable production of 
hydrogen sulfide under the experimental conditions reported here. 
Furthermore, chloretone feeding did not cause an increased pro- 
duction of hydrogen sulfide in any of the tissues examined. 
Neither did the increased titration values appear to be caused by 
an increased concentration of sulfhydryl compounds; the velocity 
of the reduction and the effect of iodoacetamide were typical of 
ascorbic acid. 


SUMMARY 


A study has been made of the synthesis of ascorbie acid by 
slices of liver, kidney, and brain from normal rats and from rats 
that had been stimulated to an exeretion of large amounts of 
ascorbic acid. A few experiments were also conducted with 
guinea pig tissues, human liver, extracts of rat kidney and muscle, 
and homogenized rat muscle. The tissues from treated rats (fed 
chloretone) showed evidence of synthesis in vitro, while those 
from normal rats showed distinctly less or no evidence of synthesis. 
Liver and kidney tissue showed greater activity than brain or 
muscle. Of the many substrates investigated, a mixture of py- 
ruvate, glyceric aldehyde, and hexose diphosphate resulted in 
maximum synthesis. Mannose, glucose, and /-ketogulonic acid 
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were ineffective. The quantities of ascorbic acid synthesized by 
tissues in vitro were sufficient to account for a large part of the acid 
excreted by chloretone-fed animals. 

The oxygen consumption of brain slices from chloretone-fed 
rats was below that found for normal animals, although the liver 
and kidney slices showed little or no change. The total acid 
production of liver slices from chloretone-treated rats was mark- 
edly low, but the brain and kidney slices showed no significant 
change in this respect. 

The method that has been used most widely for dehydroascorbie 
acid estimation, based upon reduction by hydrogen sulfide to form 
ascorbic acid, was found to include a possible source of large 
errors. Many carbonyl compounds, including intermediates of 
normal carbohydrate metabolism and a number of quinones, com- 
bine with hydrogen sulfide to form substances that react like 
ascorbic acid under the conditions normally employed for titration 
and photoelectric colorimeter determinations. Ascorbic acid 
analyses that involve an initial stage of oxidation, as when mercuric 
salts are used for removal of sulfur compounds, would involve the 
same type of error. 
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When the homogenized tissue technique was first applied to 
the study of animal tissue respiration, it was found that dilution 
of the homogenized tissue led to a marked decrease in oxygen 
uptake, whether endogenous, or on glucose or lactate substrates. 
This decrease in activity was referred to as the dilution effect 
(1), which was defined as the lowering of the Qo, which occurs 
when a homogenate is diluted. Since the Qo, is the rate of oxy- 
gen uptake per unit of tissue, the dilution effect is the dispro- 
portionality between the dilution of the enzyme preparation and 
the observed rate of reaction, and is considered to be an indi- 
cation that the reaction being studied is catalyzed by a system 
which includes one or more dissociable complexes. 

In contrast to the other systems studied it was found that the 
succinoxidase system exhibited no dilution effect. This observa- 
tion was soon confirmed (2). Although the succinoxidase sys- 
tem was believed to include three biocatalysts (succinic dehy- 
drogenase, cytochrome c, and cytochrome oxidase), it might be 
inferred from the data cited that all three components are com- 
bined into one undissociable complex. 

Subsequent knowledge regarding the ease of extraction of cy- 
tochrome c from animal tissues made it appear likely that this 
component must readily dissociate from the succinoxidase sys- 
tem, and when this possibility was tested it was found (3) that 
the system is much less active in homogenates than in the intact 
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tissue owing to a simple dilution effect which can be eliminated 
by the addition of cytochrome c. Thus the decreased activity 
in homogenates is not due to cell destruction per se but is to be 
correlated more properly with the dissociation constants of cyto- 
chrome ¢ and its specific reaction partners. These experiments 
were carried out at 24°. When the temperature was increased 
to 38°, the Qo, of the homogenates was below the intact tissue 
level even in the presence of added cytochrome c. At about this 
time Axelrod et al. (4) found that calcium ions stimulated the 
succinoxidase system. Experiments showed that the calcium 
effect was absent or negligible at 24° but readily confirmed at 
38°. Furthermore the sodium succinate which we had been 
using (Eastman, pure) contained traces of calcium ions. It was 
thus possible to understand why full activity was attained by the 
addition of cytochrome c alone at 24° but not at 38°. Apparently 
calcium ions are a part of the succinoxidase system but are not 
sufficiently dissociated to lower the rate at 24°. At 38° calcium 
ions and cytochrome c are both limiting factors in the succinoxi- 
dase system, resulting in what might be called a multiple dilution 
effect. However, it was found that when both of these factors 
are added to the system the Qo, is still below that of intact cells 
and a marked dilution effect remains, indicating the presence of 
at least one more dissociable cofactor. The demonstration of 
this new dilution effect and its correction are the subject of the 
present report. 
EXPERIMENTAL 


Enzyme System—Fresh rat liver homogenates were fortified 
with cytochrome c and tested as previously described. The ad- 
vantages of this preparation have been pointed out (3). All 
experiments with the Warburg apparatus were done at 38°. 

Cyanide-Succinate—This solution was prepared freshly by mix- 
ing 1.0 ml. of neutral 0.1 m NaCN with 3.3 ml. of 0.5 m sodium 
succinate and 2.3 ml. of water. 

Sodium Succinate—Eastman sodium succinate (pure) appears 
to be mainly the crystalline salt (6H,O) with a small admixture 
of the anhydrous material and some free succinic acid plus a cer- 
tain amount of various elements which precipitate as the hydrox- 
ides. The commercial product was further purified by dissolving 
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in the minimum of hot water, adjusting to pH 8.5 with NaOH, 
filtering off the dark brown precipitate, and recrystallizing by 
adding alcohol and cooling. The crystals were sucked dry on a 
Buchner funnel, redissolved in hot water, recrystallized as before, 
and dried in air. Loss of weight at 105° was equivalent to 6.01 
moles of water. 

Cation Solutions—All cations were added as the chlorides pre- 
pared from reagent quality chemicals without further purification. 
The calcium salt was CaCl,-2H,0. 

Boiled Tissue Extract—Boiled tissue extract or Kochsaft was 
prepared by homogenizing fresh rat liver in 2 volumes of water 
and heating in a boiling water bath for 10 minutes with con- 
tinuous stirring. The coagulum was then centrifuged without 
cooling, and the supernatant was filtered. The Kochsaft was 
then refrigerated until it was used, which was never more than 4 
hours after preparation. 


Results 


Dilution Effect—The activation of the succinoxidase system by 
cytochrome c and by calcium ions gave such large increases in 
the rate of oxygen uptake that it became possible to test for a 
dilution effect in the succinoxidase system with much smaller 
amounts of tissue than it was previously feasible to use. Thus 
in the presence of an excess of calcium ions, cytochrome c, and 
sodium succinate a liver homogenate diluted so that the final 
solution contained only 5 mg. of fresh liver per 3 ml. gave an ob- 
served oxygen uptake of 11.3 ml. per 10 minutes. Thus a brisk 
oxygen uptake was noted with only 1.7 mg. of fresh liver per ml. 
This amount is less than one-tenth as much as the lowest level 
that could be studied in the absence of added cytochrome and 
calcium in the earlier work (1). The dilution effect in the presence 
of calcium as well as in its absence is clearly demonstrated in 
Columns 2 and 3 in Table I. Data on the Qo, in the absence of 
added cytochrome have been given elsewhere (3). 

Effect of Aluminum—Horecker, Stotz, and Hogness (5) had 
reported that aluminum ions activated the succinoxidase system 
but this effect was not observed by Axelrod et al. in the system 
which was activated by calcium (4). Since we found a consider- 
able dilution effect in the calcium-activated system, we tested 
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aluminum for its ability to correct the dilution effect and found 
that there was a marked increase in rate as well as a disappearance 
of the dilution effect, as shown by comparing Columns 3 and 5 
of Table I. On the other hand aluminum ions gave no increase 
in activity in the absence of added calcium until the amount of 
tissue was reduced to the 5 mg. level (Columns 2 and 4, Table I). 
There was no dilution effect when only aluminum was added, al- 
though the rate was much slower than when calcium was also 
present. The observation by Axelrod ef al. that aluminum did 
not increase the rate is thus explained, for in the absence of cal- 


Taste I 
Dilution Effect and Its Correction in the Succinoridase System 
The basic reaction mixture consisted of 0.8 ml. of 0.1 m sodium phos- 
phate, pH 7.4, 0.4 ml. of 10~* m cytochrome c, 0.3 ml. of 0.5 m sodium suc- 
cinate, and H,O to bring the final volume to 3.0 ml. after liver and ion 
additions. Calcium and aluminum were added as 1.2 X 10~* mole of the 


chloride. 


20, microliters O2: uptake per mg. per hr. (dry weight) 








Homogenized | 
fresh liver 4 ; aaa mei 
per flask =| No ion Ca++ Alt++ Catt + Alt++ 
(1) (2) (3) | (4) (5) 
mg. 
5 18.8 45.3 34.5 83.0 
10 35.4 64.2 32.2 85.8 
20 34.1 71.7 28.7 81.0 





cium and at the higher tissue levels their results are confirmed. 
The activating action of aluminum in the experiments of Horecker 
et al. can best be explained by assuming that calcium was present 
in their reaction mixture in amounts sufficient to make the alumi- 
num effect possible. 

Horecker et al. reported that chromium as well as some of the 
trivalent rare earths also activated the enzyme system and we 
have found that chromium, like aluminum, requires the presence 
of calcium ions in order to stimulate the succinoxidase system. 
Chromium also abolishes the dilution effect and appears to be 
completely interchangeable with aluminum. This result is shown 
in Table II which also demonstrates that chromium and aluminum 
together show no greater activation than can be obtained by 
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either ion alone. Yet the effect is apparently not wholly un- 
specific, since Horecker et al. reported negative results with 
trivalent iron. A systematic examination of the effect according 
to the periodic arrangement of the elements would be of interest 
but we have not attempted such a study. 


Taste II 
Activation of Succinoxidase System by Chromium 
The basic reaction mixture and ion additions were as in Table I. 


























Additions 
Liver — 80, 
Ca** Al*++ j Cr+++ 
mg. 
10 - - - 35.4 
10 + “- - 63.4 
10 - + - 31.1 
10 - ~- + 30.0 
10 + + ~ 87,8 
10 + ~ + 86.1 
10 + + + 89.2 
5 + ad - 40.6 
5 + - + 91.2 
10 | + - = 67.6 
10 + - + 88.8 
20 + a _ 73.7 
20 + - + 83.1* 


* This slight decrease in Qo, with 20 mg. of tissue in this table and in 
Table III is due to the fact that the limiting rate of oxygen diffusion into 
the system is being approached at this concentration of tissue, as has 
been proved by separate experiments in which a final volume of 1 ml. was 
employed. 


Kochsaft Experiments—The correction of the dilution effect by 
aluminum is perhaps stronger evidence that aluminum (or chro- 
mium) has biochemical significance than is the mere demonstra- 
tion of an increased rate in the succinoxidase system. The Qo, 
values attained in the presence of both Ca++ and Al*+++ have 
reached levels as high as 105 and are thus well within the range 
of the succinate Qo, values reported by Rosenthal (6) for liver 
slices at this temperature. The question which at once presents 
itself is whether the dilution effect which is corrected by aluminum 
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in reality is produced by the dissociation of aluminum ions away 
from active centers which they occupy in the intact cells. It was 
felt that a partial answer to this question might be provided by 
determining whether a liver Kochsaft could substitute for alumi- 


Tasie III 
Activation of Succinozidase System by Liver Kochsafl 
The basic reaction mixture and ion additions were asin Table I. Koch- 
saft addition, 0.8 ml. per flask. 


Additions 


Liver 20, 
Cat* Alt ++ Kochsaft | 
mg. | 
10 - _ - | 34.4 
10 + - ~ 70.2 
10 - + - 36.6 
10 + + - | 86.8 
10 _ _ + 86.9 
10 + -_ + 92.2 
10 - T + 91.3 
10 + + + 99.8 
0 _ _ + 2.8* 
10 ~ - + 7.9T 
0 + + + 1.0* 
10 T a + 7.3T 
5 + - - 25.8 
5 - _ + 94.2 
10 + ~ - 61.1 
10 - - + 90.8 
20 + - - 77.5 
20 ~_ —- + 83.3} 


* Qo, calculated as for 10 mg. of liver. 
+t No succinate added. 
t See foot-note to Table II. 


num in the succinoxidase system. Direct chemical analysis for 
traces of aluminum was not attempted, but Horecker ef al. re- 
ported spectrometric evidence for its presence in the system which 
they studied. Kochsaft was studied both from the standpoint of 
its activating action and its ability to eliminate the dilution 
effect. The results are shown in Table III. It is apparent that 
the Kochsaft can substitute for both calcium and aluminum ions. 
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Moreover it seems reasonable to conclude that the activating 
action of the Kochsaft can be explained solely on the basis of the 
calcium and aluminum ions or similar ions which it contains. 
With one exception the literature on succinic dehydrogenase is 
an unbroken series of negative attempts to activate the succinoxi- 
dase system with Kochsaft. Ahlgren (7), who has reviewed this 
literature, reported activation with a Kochsaft but his results 
were minimized by Hopkins et al. (8), who obtained negative 
results with Kochsaft in confirmation of the earlier literature. 

Spontaneous Activation—Elliott and Greig (2) observed that 
there was frequently a spontaneous increase in succinoxidase 
activity when a homogenate was allowed to stand in the cold 
for several hours, and they found it necessary to determine the 
activity of the preparation both when it was fresh and after 
standing. They attributed the increase to the further dispersion 
of the components of the succinoxidase system. This explana- 
tion did not seem entirely reasonable, since further solution of 
any component should lead to a dilution effect. From the fact 
that the calcium effect was difficult to demonstrate at 24° but 
readily apparent at 38° we concluded that the dissociation con- 
stant of the hypothetical calcium complex in the succinoxidase 
system must be exceedingly small. Therefore the spontaneous 
activation might be due to a dissociation of calcium from its vari- 
ous combinations together with a migration to the complexes 
having smaller dissociation constants. The succinoxidase system 
was presumed to fall in the latter category. This idea was tested 
by comparing the spontaneous activation in the presence of 
calcium as well as in its absence. The results are shown in Table 
IV. The spontaneous activation observed by Elliott and Greig 
was confirmed but it was found that when the system was studied 
in the presence of added calcium no increase in activity was 
effected by standing and the calcium-activated system surpassed 
the spontaneously activated system. Aluminum may enter into 
the effect in an analogous manner, although it appears that the 
spontaneous activation is due mainly to the liberation of calcium 
from other tissue complexes. It is apparent that the succinoxidase 
system can be brought to maximal activity by the addition of 
calcium and aluminum ions, and the spontaneous activation 
becomes unnecessary. 
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Locus of Ion Effects—Horecker et al. (5) were unable to show 
the aluminum effect on any of the components of the succinoxidase 
system, and they suggested that it was in some way connected 
with the formation of a precipitate which could be seen when 
larger amounts of aluminum were added to the reaction mixture. 
However, this explanation would seem to be invalidated by the 
fact that the aluminum effect is dependent upon the presence of 
traces of calcium ions. 


TaBLe IV 
Réle of Calcium in Spontaneous Activation of Succinozidase System 
The basic reaction mixture and ion additions were as in Table I. 





ceaeieniidenn me) . oo a. Qo, (after 4-6 an Br 
| Without Ca*’ With Cat* Without Ca** With Ca** 

724A 28.3 48.0 40.7 48.3 
724B 14.9 53.7 33.3 46.5 
724C 26.1 57.0 38.5 55.8 
7254 | 46 |; 8.9 | 38.5 57.9 
725B | 27.5 | 62.9 38.7 55.0 
725C 28.4 52.7 43.3 52.9 
728A 22.2 55.6 47.5 60.8 
728B 31.0 67.9 49.5 63.7 
728C 20.8 78.2 45.6 61.0 
S4A 49.1 95.0 57.6 87.0 
84B 29.3 45.4 34.2 31.9 
84C 33.2 63.6 42.2 51.1 

Average..... 28.0 61.7 42.5 56.0 





In their attempt to localize the action of aluminum, Horecker 
et al. had studied the dehydrogenase by the methylene blue 
technique. It is interesting to note that Ahlgren as well as other 
workers likewise obtained negative results when they attempted 
to demonstrate the action of Kochsaft on this system by the 
methylene blue technique. On the basis of these findings and 
our own experience with methylene blue (3) we studied the 
dehydrogenase on the basis of cytochrome reduction rather than 
dye reduction. 

10 per cent liver homogenate was centrifuged at 3000 R.P.M. 
for 10 minutes and the filtered supernatant, although it contains 
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less than 5 per cent of the original activity, was used as a source 
of enzyme, because it consists of only the smallest particles of 
the dehydrogenase (3). The reaction mixtures were made up 
in test-tubes and the reaction was initiated by adding 0.2 ml. of 
cyanide-succinate. After mixing, the solution was transferred 
to the absorption cell and the rate of reduction of cytochrome c 
was measured in the photoelectric spectrophotometer (9). The cy- 
anide was used to prevent reoxidation of the reduced cytochrome 
c. It was found that the rate could sometimes be increased by 
the addition of both calcium and aluminum ions but since the 


TABLE V 
Effect of Ca and Al Ions on Cytochrome c Reduction 


The rate was measured at room temperature. The reaction mixture con- 
sisted of 1.0 ml. of 0.1 m sodium phosphate, pH 7.4, 0.5 ml. of 10~‘ m cyto- 
chrome c, 1.25 ml. of H,O (part of which was displaced by 0.3 ml. of 4 x 
10-* m Ca** and 0.3 ml. of 4 X 10-*m Al*** solutions, as indicated), and 0.05 
ml. of the enzyme preparation; 0.2 ml. of cyanide-succinate was added to 
initiate the reaction. Rates were measured in the order indicated. 


| Rate of 
Test No. Basic system Addition Seeleston., 
1 | Fresh reaction mixture 0.068 
2 | Reaction mixture as in (1) | 0.042 
incubated 30 min. at 38°, | 
cooled 
3 Same | Ca** + Al*** 0.082 
4 ‘é “ee + “cc 0.072 
5 ” 0.036 





reaction was carried out at room temperature the small dissoci- 
ation of the ions made the demonstration difficult. However, 
by heating the reaction mixture to 38° for a short time and then 
cooling to room temperature with the enzyme at high dilution a 
loss of activity resulted which could be restored by the addition 
of calcium and aluminum. The inactivation could also be ef- 
fected by storing the reaction mixture containing the enzyme 
at high dilution for several hours at 0°. The lability of the 
enzyme makes these experiments rather troublesome. Alumi- 
num ions alone appear to be more effective than calcium ions 
alone. The results of a typical experiment are shown in Table V. 
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More striking evidence than is given in Table V can be observed 
visually simply by noting the color change in the various flasks 
in a Warburg experiment such as is described in Table I, with 10 
mg. of tissue per flask. If the Warburg flasks are shaken so as 
to oxidize all of the cytochrome and then allowed to remain 
stationary, the rate of diffusion of oxygen into the medium be- 
comes limiting in the flasks which contain calcium and aluminum, 
but not in the flasks without these ions; the former turn pink, 
showing that the cytochrome is reduced, while the latter retain 
the color of oxidized cytochrome. 

Since the earlier investigators (5, 7) obtained positive results 
with the over-all system in which cytochrome ¢ was an inter- 
mediary but negative results when methylene blue was the end- 
acceptor and since we have obtained positive results with cyto- 
chrome c as the end-acceptor, it seems reasonable to suggest that 
the locus of the aluminum effect may be the reaction between 
cytochrome c and its reductant, which is tentatively considered 
to be succinic dehydrogenase (see the discussion). 

Work in this laboratory! has shown that fluoride inhibits suc- 
cinic dehydrogenase competitively with respect to succinate, and 
thus the locus of the fluoride action is apparently the reaction 
between succinate and its dehydrogenase. The insolubility of 
calcium fluoride suggests that fluoride may act by binding cal- 
cium. From this it would follow that the locus of the calcium 
effect may be the reaction between succinate and the dehydro- 


genase. 


DISCUSSION 
The fact that we have been able to demonstrate the effect of 
calcium and aluminum in the partial reaction involving cyto- 
chrome ec reduction, while others have been unable to demon- 
strate activation by cofactors in the partial reaction involving 
dye reduction, again emphasizes the point which we have previ- 
ously stressed (3); namely, the desirability of using the physi- 
ological carrier in studies of this type. 
The data illustrate the importance of the dilution effect as a 
tool for the study of the mechanism of hydrogen transport. In 


'D. J. O’Kane, unpublished data. 
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the present case the existence of a dilution effect was taken as 
evidence that at least one more dissociable factor is needed in 
addition to cytochrome c in order to complete the succinoxidase 
system, and previous data (4, 5) made possible the identification 
of both calcium and aluminum ions as components of the system. 
These results led to the demonstration of a Kochsaft effect in the 
succinoxidase system. Our data do not prove that calcium and 
aluminum are the factors present in the Kochsaft but the evidence 
is compatible with this view. Horecker (10) has shown that under 
certain circumstances malonate and some other compounds will 
stimulate the succinoxidase system if they are added in small 
concentrations. This effect was attributed to the toxic action of 
traces of copper which were introduced during the preparation 
of the enzyme. Our enzyme preparation is carried out in an 
all-glass apparatus (1) and apparently does not contain sufficient 
copper to affect the rate. The preparation is not stimulated by 
malonate at any concentration, and toxicity due to malonate 
could be demonstrated at concentrations as low as 10-* m._ Al- 
though copper toxicity might readily explain the dilution effect 
and its correction by a Kochsaft, we have not been able to obtain 
any evidence in support of the latter view. 

From the data presented it might be suggested that there are 
no more dissociable factors in the succinoxidase system as em- 
ployed here. This is rather surprising in view of the fact that 
magnesium ions have been shown to stimulate the system (11). 
Furthermore the fact that phosphate esterification has been 
coupled with succinate oxidation introduces the possibility that 
additional factors are a part of the system. Nevertheless the 
data presented prove that if these factors are a part of the system 
they are relatively undissociated in the diluted liver homogenate. 

According to the data available thus far we may describe the 
succinoxidase system as consisting of succinate, calcium ions, 
succinic dehydrogenase, aluminum ions, cytochrome c, cytochrome 
oxidase, and oxygen. In this system, the dehydrogenase and the 
oxidase are in the form of particulate matter (3). The data 
presented do not prove that the biocatalysts listed are the only 
components of the system, nor that succinic dehydrogenase 
reacts directly with cytochrome c. It is apparent, however, that 
if an additional biocatalyst is interposed at this point it is rela- 
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tively undissociated from the dehydrogenase at the dilutions 
employed. Similarly if cytochrome oxidase consists of more than 
one entity, the respective biocatalysts must be relatively undis- 
sociated from the oxidase. The loss in succinoxidase activity 
which results when intact liver cells are homogenized is apparently 
a simple dilution effect due to the dissociation of one component 
(cytochrome c) from the system at 24° (3), but is apparently a 
multiple dilution effect at 38°, at which temperature three com- 
ponents dissociate from the system; namely, cytochrome ec, cal- 
cium ions, and aluminum ions or their equivalents. The par- 
ticles which we identify with the dehydrogenase and the oxidase 
are probably identical with those which have been mentioned by 
various workers including Stern (12) who states, “we believe 
that the active groups of the various component catalysts are 
arranged in or on them [the particles] in an orderly fashion so as 
to ensure a smooth functioning of the highly complex process of 
cellular respiration.” Although this concept may be correct, the 
available data do not even prove that succinic dehydrogenase 
and cytochrome oxidase are united into one structural unit, since 
they could be widely separated with random distribution and still 
show no dilution effect provided that a sufficient amount of the 
dissociable connecting carrier (i.e., cytochrome c) is added to 
keep both the dehydrogenase and the oxidase effectively saturated 
with the carrier. 

It seems likely that the test system described represents a 
complete succinoxidase system, which can be used as a measure 
of the succinoxidase activity of animal tissues or for the study of 
various toxic substances. 


SUMMARY 


1. A dilution effect was demonstrated in the succinoxidase 
system in a rat liver homogenate which had been fortified with 
cytochrome c. 

2. The effect was corrected by the addition of calcium and 
aluminum ions together, or of a liver Kochsaft. 

3. Chromic ions were interchangeable with aluminum ions in 
the system. 

4. The ion effects were shown to occur in the partial reaction 
ending in cytochrome c reduction. 
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5. The loss in succinoxidase activity which occurs when liver 
is homogenized and diluted is considered to be a multiple dilution 
effect, caused by the dissociation of cytochrome c, calcium ions, 
and aluminum ions (or their equivalents) away from succinic 
dehydrogenase and cytochrome oxidase. 
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THE RELATION OF THE PH OF INTESTINAL CONTENTS 
TO CALCIUM AND PHOSPHORUS UTILIZATION 


By JAMES H. JONES 


(From the Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia) 


(Received for publication, September 22, 1941) 


Several theories have been advanced to explain the manner in 
which vitamin D-free fats can beneficially influence calcification. 
Recently the writer (1) published data showing that none of these 
explanations, with the possible exception of the one given by Boyd, 
Crum, and Lyman (2), was satisfactory. Boyd et al. presented 
evidence indicating that fats make the contents of the intestines 
more acid, thereby increasing the absorption of calcium and phos- 
phorus and facilitating bone formation. In an attempt to deter- 
mine the validity of this suggestion the influence of a number of 
substances on the acidity of the intestinal contents and simultane- 
ously on calcification has been studied. The results of these 
experiments are presented below. Numerous investigators have 
studied the relation of the pH of intestinal contents and feces to 
calcification, especially in regard to the development or prevention 
of rickets. As this subject has been reviewed at different times, 
no attempt to cover the literature is made here. 


EXPERIMENTAL 


Albino rats which were raised in the laboratory and taken from 
litters which had been reduced to six in number about the 2nd day 
of life were used as experimental animals. They were put on the 
various diets to be investigated at 25 days of age (occasionally 24 
or 26 days). In the great majority of experiments a comparison 
was made between two diets, and for this purpose three animals 
of one litter were given one diet and the remaining three the other 
diet. After 21 days on the experiment (in a few cases 20 days) the 
rats were anesthetized with ether and the intestinal tract including 
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the cecum and colon was removed. The small intestines were 
divided into four approximately equal segments. The contents 
of each segment, cecum, and colon were squeezed out, and treated 
separately. The contents of corresponding segments, ceca, and 
colons from all animals of any one group were combined, 2 ml. of 
distilled water were added, and the contents well agitated with a 
stirring rod. The insoluble portion was separated by centrifuga- 
tion with decantation of the supernatant liquid. It was usually 
necessary to add 5 ml. of water to the contents of the ceca and 
colons to insure separation of sufficient liquid. The pH deter- 
mination on the supernatant liquid was made with a Leeds and 
Northrup glass electrode pH meter. A special microelectrode 
made possible the determination on 1 ml. of solution. The deter- 
minations of pH were done as quickly as possible after the samples 
were taken, and in most cases the determinations on the two groups 
of animals comprising any one experiment were carried out on the 
same day. In addition to determining the pH on the intestinal 
contents, the right femur of each animal was removed and the 
percentage ash on the lipid-free bone determined. The degree of 
rickets was determined by examining the distal end of at least one 
radius from each animal by the “line test’”’ technique. The degree 
of rickets was arbitrarily expressed in numbers from 1 to 10, 1 
indicating the first detectable widening of the uncalcified carti- 
laginous disk and 10 indicating a very wide uncalcified area with 
straight regular margins. 

Except for the salt mixture the basal diet used was nearly con- 
stant throughout and was composed of the following ingredients 
expressed in per cent: alcohol-extracted fibrin 18, dried brewers’ 
yeast 5, Salt Mixture 5 (3) 5, or Salt Mixture 10 (4) 3, and dex- 
trinized starch to 100. 5 drops of 8. ‘M. A. carotene in oil were 
added to each 100 gm. of diet. In a few cases glucose (cerelose) 
was used in place of dextrin and also in some experiments 2 per 
cent of agar was used as roughage. All additions to the basal diet 
were made at the expense of the carbohydrate. When fatty 
materials such as lard, oleic acid, or sodium oleate were given, the 
other constituents were increased (except the carbohydrate which 
was correspondingly reduced) to allow for the increase in energy 
content. 

The results of the experiments are summarized in Table I and 














J. H. Jones 559 


TaBLe [ 


Influence of Various Dietary Supplements on pH of Intestinal Contents and 
Calcification of Bone 















































y pH of intestinal contents 
Z 4 we — 

S E Dietary supplement s 3: ng = 2 
ar sfsii—_—_——_l¢ | ¢|8 
53 § |g 5 ist | and] ard | ath | 8 | 8 1 3 

mg. | oor 
1| 5 | Lard 24 | 8 |6.65/6.57/6.56|7.61/6.98/6.63/4.3/22.7/27.1 
2|5) None 24 | § |6.46/6.54/6.73/8.00/6.90/6.77/8.7|17.6)/22.3 
3/5 | Oleic acid 21 | 7 \6.72/6.77/6.76/7 .76/6.85)6.78/2.7|26.6/31.2 
4/5} None 21 | 7 |6.61/6.75)7.10/8.31/7.14|6.97/8.5)19.3|23.7 
5|5 Irradiated’ er- |12 | 4 |6.87/6.82/6.81/7.97|/6.69/6.42/0 /35.9|34.2 

gosterol* 

6/5), None 12 | 4 |6.73/6.56/6.79)8. 24/7 .00/6.81/8.0|19.2/23.2 
7/10 | 1.7% K:HPO, 3 | 1 |6.63/6.78/7.03/8.37|7.00/7.01/0 |58.9/42.3 
8 |10 | None 3 | 1 |6.67/6.60/7.09'8.37/7. 14/6. 90/4. 7/20.2/23.2 
9| 5 | 2.25% K,HPO, 3 | 1 (6.43/6.70)7.12)8.28)6.82/7.1510 |59.3)44.4 
10| 5 | None 3 | 1 |6.70)6.65/6.90)8 . 28/6.98)7 . 20/7 .3)15.9|20.3 
11 2.5% Alsulfatet | 3 | 1 |6.94)6.70/6.91/8.31)7.13)/6.34/7.0)16.2/21.2 
12 5% Al sulfatet 6 | 2 |7.13)7.17/7.18)8.08)7 . 23/6. 78/7 .0)12.5/18.8 
13 Stock diet 8 | 3 |6.80/6.74/6.50/7.67/6.8516.65/0 (79.0/47.9 
14 |10 | 2% NH,Cl 6 | 2 |6.49/6.53/6.75/8 . 36/6. 63/6. 60/8 .8|20.5/21.2 
15 |10 | None 6 | 2 (6.62/6.61/6.82!7.99)6.81/6.74/8.2)19.2/19.0 
16 |10 4% NH,Cl 6 | 2 |6.40/6.49/7.15)8 . 22/6. 67/6. 59/8. 3)21.3|25.9 
17 |10 | None 6 | 2 |6.68/6.63/7.05)8 .04/7.02/6.99/7.8)18.5)22.8 
18 |13t CaCl, 9 | 3 |6.43/6.53/7. 10/8. 49/6. 96/7 .09/9.0)19.2|22.8 
19 |10 | None 9 | 3 16.5916. 48/6.95/8. 26}6.88/6.81/9.0/21.1/24.0 
20 |10 | 5% triacetin 9 | 3 16.60/6.51/7. 10/8. 26/6. 87/6. 92/8 .0/20.5/24.3 
21 |10 None 9 | 3 \6.57/6.55)6. 76/7 .91/6. 72/6. 66/6. 6,20. 4/23 .7 
22 |10 | 10% triacetin 3 | 1 |6.23)6.59|6.40\7.88|6.77|6.60\7 .0)19.5|22.8 
23 |10 | None 3 | 1 |6.46)6.48/6.46)8 .04/6.92/6.75)9.7|19.3/22.4 
24 110 20% triacetin 3 | 1 |6.53/6.77/6.97/8. 36/6. 79/6 .90)9.3)19.1/22.0 
25 |10 | None 3 | 1 }6.66/6.74/6.74/8.20/6.91/6.61/8.7|17.5/20.4 
26 | 5 Lactose 15 | 5 |6.42/6.53/6.91/7.74/6. 23/6 .32/7.7|24.1/28.0 
27| 5 Lard 15 | 5 |6.58/6.50)/6.48/7.84/6. 58/6. 15/2.8/29 .0/29.3 
28 | 5 | Oleic acid 9 | 3 \6.69/6.76\6.74/7 .86\6.64/6.50)4.7/24.6)26.5 
29 | 5 | Na oleate 9 | 3 \6.57/6.62/6.69)8. 16/6.84/6.86)8.1/19.3)/22.7 


* 100 1.v. of vitamin D per 100 gm. of diet. 

t Al,(SO,);-18H,O given in addition to stock diet. 

t Calcium carbonate of Salt Mixture 10 was replaced by an equivalent 
amount of calcium chloride. 
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presented as averages. That is, for example, all animals which 
received lard and were compared directly with litter mates on the 
basal diet are designated as Series 1, while the animals which 
served as controls for Series 1 are Series 2. 

For the most part the basal diet given above, with either Salt 
Mixture 5 or 10, served as the control with which to compare the 
effect of an added substance. In one group of experiments, how- 
ever, the effect of lactose was compared with lard and in another 
oleic acid was compared with sodium oleate. In the experiments 
in which aluminum sulfate was added the dry portion of the 
Steenbock stock diet (5) modified to contain 2 per cent of yeast 
was used in place of the synthetic diet. 

In Series 1 and 2 (Table I) 10 per cent of lard was compared with 
the basal diet. The lard produced a slight but definite increase in 
calcification, as shown by the absolute and relative amounts of 
femur ash and also by the degree of rickets. There was no con- 
sistent difference in pH except in the fourth segment of the small 
intestines. Not only do the averages show a difference but in only 
one of the eight trials were the contents of the fourth segment from 
the animals on the basal diet more acid than the contents of the 
corresponding segment from the litter mates receiving the lard. 
In this one case the contents from the animals on the basal diet 
were exceptionally acid. 

In Series 3 and 4 the effect of 10 per cent oleic acid was studied 
with results almost identical with those obtained with lard. In 
this series of seven trials there was no case in which the animals on 
the basal diet showed as low a pH of the contents of the fourth 
segment of the small intestines as did the animals receiving the 
oleic acid. 

The effect of vitamin D (irradiated ergosterol') is shown in 
Series 5 and 6. In this case calcification was very much increased 
and here again the only consistent difference in pH was in the 
fourth segment. As with oleic acid, there was no case in which 
the control animals had as low a pH in this segment as the litter 
mates receiving vitamin D. The averages for the contents of the 
cecum and colon are slightly more acid for the irradiated ergosterol 
group than for the controls. The same was true for the animals 


1 Furnished through the courtesy of Dr. Warren M. Cox, Jr., Mead 
Johnson and Company, Evansville, Indiana. 
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fed oleic acid but in neither case was this difference entirely con- 
sistent in respect to the individual experiments comprising the 
series. 

Series 7 to 10 included only a small number of animals but never- 
theless they show rather clearly that added phosphorus had no 
definite effect on the acidity of the intestinai contents, although it 
greatly increased calcification. This is in agreement with Shohl 
and Bing (6) who found that alkaline phosphate although produc- 
ing healing of rachitic lesions did not make the feces more acid. 

It has been repeatedly shown that a good calcifying diet can be 
made rachitogenic by the addition of a salt of a metal which forms 
an insoluble phosphate. Series 11, 12, and 13 show the result of 
adding 2.5 and 5 per cent aluminum sulfate to the stock diet re- 
ferred to above. The addition of this salt in either amount con- 
siderably reduced calcification and produced a greater alkalinity 
of the contents of the fourth segments. It also appears that the 
larger amount of the aluminum salt slightly increased the al- 
kalinity throughout the greater part of the intestinal tract. This 
is somewhat surprising in view of the acid nature of aluminum 
sulfate, but is in conformity with the findings of Karr and Abbott 
(7). These authors observed that various substances, including 
acids, upon entering the small intestines stimulate the secretion of 
sodium bicarbonate, which prevents a decrease in pH and may 
even make the contents more alkaline. 

If this is really the case, a salt such as ammonium chloride which 
gives an acid reaction but does not form an insoluble phosphate 
should neither make the intestines more acid nor influence cal- 
cification. In the experiments presented as Series 14 to 17 this 
seems to be the case. In these experiments Salt Mixture 10 
(instead of Salt Mixture 5) with its lower content of calcium 
carbonate was used to reduce the effect of the salt mixture in 
neutralizing the acidity of the ammonium chloride. These find- 
ings are in agreement with those of Oser (8) who has shown that 
substances such as sodium carbonate and ammonium chloride do 
not change the pH of the intestinal contents or influence the 
development of rickets. The replacing of the calcium carbonate 
(Series 18 and 19) with an equivalent amount of calcium chloride 
likewise had very little influence on either the pH of the intestines 
or on calcification. Ammonium chloride and calcium chloride 
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appear to have made the intestinal contents slightly more acid in 
the upper part and very slightly more alkaline in the lower part of 
the small intestines. It was somewhat unexpected to find that 
both lard and oleic acid decreased the alkalinity of the lower part 
of the small intestines and also increased calcification but a salt 
such as ammonium chloride did neither. It was thought that 
possibly this difference was due not only to the effect of ammonium 
chloride on bicarbonate secretion but also to the rapid absorption 
of this simple water-soluble salt in the upper part of the intestines. 
To test this idea further, triacetin was given in varying amounts. 
This substance would give rise to a water-soluble acid but only 
after hydrolysis, which would probably produce an acidity in a 
more distal portion of the small intestines. The triacetin was 
given at levels of 5, 10, and 20 per cent and compared with the basal 
diet containing Salt Mixture 10. The latter was used as before to 
reduce the neutralizing effect of the inorganic mixture. The data 
presented in Series 20 to 25 show clearly that this substance had no 
demonstrable effect on either the pH of the intestinal tract or 
calcification. Deuel, Hallman, and Reifman (9) have recently 
shown that fatty acids with an uneven number of carbon atoms 
are more slowly absorbed than those with an even number of car- 
bon atoms. In the belief that the acetic acid of triacetin still 
might have been too quickly absorbed to have any effect tri- 
propionin was tried. So far these experiments have been unsatis- 
factory, as the animals ate but small amounts of the diet containing 
the tripropionin. 

It is a well known observation that lactose facilitates utilization 
of calcium (10) and also increases the acidity of the intestinal 
tract (11). In several experiments the effect of lactose on intes- 
tinal acidity and calcification was compared with lard. This 
was done in an attempt to determine whether a given decrease 
in pH caused by either of these two dietary supplements would 
in each case produce approximately the same increase in calcifica- 
tion. The lactose was fed at levels varying from 25 to 70 per 
cent of the diet. Only those results obtained with the lowest 
level are reported, as the higher levels produced marked diarrhea 
and distention of the intestinal tract with decreased food con- 
sumption and poor growth. The lard was fed at only one level 
(10 per cent) with adjustments being made in the other constit- 
uents of the diet as previously explained to allow for the differ- 
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ence in the caloric content of the lactose and lard. The results 
of these experiments are presented in Series 26 and 27. As may 
be seen, there was little difference in the pH of the intestinal 
contents. If anything the lactose produced slightly more acidity 
than the lard. In spite of this the lard definitely produced more 
calcification than did the lactose. This is particularly noticeable 
in the weight of femur ash and in the degree of rickets. The close 
agreement in the percentage of ash, even though there was a defi- 
nite difference in the absolute amounts, is in all probability due 
to the slower rate of growth of the animals receiving the lactose. 
The average gain in weight of these animals was 17.7 gm. for the 
21 day period and 29.0 gm. for the animals receiving the lard. 
This greater gain in weight may have also accounted for the in- 
crease in weight of bone ash for the animals on the lard diet but 
the line test definitely indicated that lard had a greater anti- 
rachitic action than did the lactose. 

Finally in two more series of experiments (Series 28 and 29) 
oleic acid and sodium oleate were compared. They were both 
fed at the 10 per cent level. It was previously reported that 
sodium oleate had no antirachitic action, whereas oleic acid did. 
This observation was confirmed, and here again the only con- 
sistent difference in pH was found in the fourth segment of the 
small intestines. This is surprising, as it would be impossible 
for much free oleic acid to exist in solution at the pH found in 
any region of the intestinal tract. Probably the greater part of 
the fatty acid was not in solution or was in combination with 
bile salts. This phase of the problem is being investigated fur- 
ther. 


DISCUSSION 


When these data are considered as a whole, the high pH of 
the distal one-fourth of the small intestines is outstanding. Of 
approximately 100 series of pH determinations (representing 
nearly 300 animals) which have been made there was not a single 
instance in which this segment of the small intestine did not show 
a higher value than any other portion of the whole intestinal 
tract. Oser (8) found the greatest alkalinity in the cecum but 
his values for the lower ileum were considerably below those re- 
ported here. 

It seems improbable, however, that these high results are er- 











564 Intestinal pH and Ca Metabolism 


roneous, for not only were they entirely consistent, but they were 
obtained in each case on the combined contents taken from more 
than one animal (usually three) and after the addition of only 
2 ml. of water. In several experiments, after determination of 
the pH of the intestinal contents to which 2 ml. of water had 
been added, the solutions were further diluted with several ml. 
of water and the pH again determined. In most cases the addi- 
tional water produced little or no change in pH. Furthermore, 
the error, if any, caused by simple dilution would have been to- 
ward the acid side. Eastman and Miller (12), using the glass 
electrode, determined the pH of the contents of the gastrointesti- 
nal tract of a large number of rats. They divided the small 
intestines into three segments and consistently found the lower 
third to be the most alkaline portion of the whole tract. Their 
values are somewhat below those presented above. This differ- 
ence may be due, at least in part, to the greater length of the 
small intestines (one-third instead of one-fourth) which they in- 
cluded in the lower segment. 

When analyzed from the standpoint of the relation of intestinal 
pH to calcification, these data are still not conclusive. If one 
considers the first two experiments, that is the comparison of 
lard and oleic acid with the basal diet, it is conceivable that there 
is a sufficient difference in the average pH of the lower one-fourth 
of the small intestines (and possibly the cecum and colon) to 
account for the slight increase in calcification on either the lard 
or oleic acid as compared to the controls. A difference in pH 
of only a few tenths of a unit in the region of 7.5 to 8 changes 
considerably the ratio between the diphosphate and monophos- 
phate ions. To accept this explanation, it is necessary to assume 
that practically all the absorption of calcium or phosphorus or 
both takes place in the lower part of the intestinal tract, for it 
is only in this portion that a consistent difference in pH was ob- 
served. Furthermore, all other portions of the intestinal tract 
of the control animals were more acid than the lower ileum of 
the animals on the supplemented diets. This should have facili- 
tated absorption in these regions of the control animals if pH is 
the only factor involved. It should also be pointed out that in 
these two groups of experiments, though the acidity of the lowest 
segment of the small intestines of the animals on the supplemented 
diets (with only one exception) was greater than that of the litter 
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mate controls, this difference was not so consistent when the re- 
sults of one trial were compared with those of another. That 
is, although the pH of the lower ileum of the animals receiving 
the dietary supplement was lower than that of their controls run 
simultaneously, it was not always lower than that of other groups 
of controls determined at different times. On the other hand, 
as mentioned above, there was a tendency for an increase in acidity 
of the cecum and colon of the animals on the supplemented diets, 
especially oleic acid. Bergeim (10) has shown that phosphorus 
is reabsorbed from the colon and the amount of reabsorption is 
influenced by the pH. It is possible that the increased acidity 
of the colon might also have been a factor in these experiments. 

Additional doubt is thrown on the acid theory when the re- 
sults with vitamin D are considered. Here again, as pointed out, 
the lower intestines were more acid on the supplemented than 
on the control diets. However, in this case the change in acidity 
caused by vitamin D was no greater than that resulting from the 
lard or oleic acid, but the amount of calcification was a great 
deal more. This would seem to eliminate definitely a decrease 
in pH of the intestinal contents as being the principal method 
by which the antirachitic factor functions in augmenting calcifica- 
tion of the growing bone. Kline, Keenan, Elvehjem, and Hart 
(11) working with chicks also found that lactose decreased the 
acidity of the intestinal tract to a greater extent than did direct 
irradiation of the animals with ultraviolet light. The latter, how- 
ever, produced considerably more calcification. 

Although aluminum sulfate made the intestinal contents slightly 
more alkaline, its marked effect in diminishing calcification can- 
not be explained on this basis. The next group of experiments 
(those with added phosphate) shows that in the presence of ample 
phosphorus rickets does not develop even though the intestines 
have a high pH. 

As neither pH nor calcification was influenced by calcium chlo- 
ride, ammonium chloride, or triacetin, the experiments with these 
substances gave no information on the relation of the acidity of 
the intestinal tract to calcification. The experiments with lac- 
tose, on the other hand, indicate that a simple increase in acidity 
comparable with that produced by lard is insufficient to produce 
a definite antirachitic action. 

Although not definitely eliminating an increase in acidity as 
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the method by which fats increase calcification, these data when 
viewed as a whole throw considerable doubt on this theory. The 
manner in which fatty substances do increase calcification is still 
obscure. It is interesting to recall the observation of Patwardhan 
and Nhavi (13) that phosphorus is absorbed by way of the lymph. 
The increased fat in the diet may in some manner increase the 
absorption of phosphorus and possibly also calcium by this route. 
Von Bezndk (14), however, believes that the amount of calcium 
absorbed by way of the lymph is insignificant. 


SUMMARY 


The effect of a number of substances on the pH of the intestinal 
contents of rats and simultaneously on calcification of bone has 
been studied. The intestinal tract was divided into six parts— 
four equal segments of the small intestines, cecum, and colon. 
The contents from corresponding parts of several animals (usually 
three) were united and the pH of each determined with a glass 
electrode pH meter. The following observations were made. 

1. The most alkaline portion of the intestinal tract was the 
distal one-fourth of the small intestines. 

2. When given in addition to a rachitogenic diet, lard, oleic 
acid, and vitamin D all increased the acidity of the lower portion 
of the ileum and less consistently increased the acidity of the 
cecum and colon. These same substances also showed definite 
antirachitic action which was much greater on the part of vitamin 
D than either of the other two, although vitamin D did not pro- 
duce a lower pH in the intestinal tract than did lard or oleic 
acid. 

3. The addition of aluminum sulfate to a stock diet resulted 
in severe rickets and a definite increase in pH throughout the 
greater part of the intestinal tract. 

4. The addition of dibasic phosphate to a low phosphorus rach- 
itogenic diet protected the animals against rickets without chang- 
ing the pH of the intestinal tract. 

5. Ammonium chloride, calcium chloride, and triacetin were 
without effect on either the pH of the intestinal contents or calci- 
fication. 

6. Lactose produced as much acidity in the lower intestinal 
tract as did lard but it did not show any antirachitic action. 
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7. Although there was no difference in the pH of the upper 
portions of the small intestines when oleic acid and sodium oleate 
were compared, the acid produced the greater acidity in the lower 
ileum and also exhibited a definite antirachitic action, whereas 
the soap did not. 

These findings are discussed from the standpoint of the relation 
of the pH of the intestinal contents to bone calcification. These 
data do not definitely eliminate an increase in acidity as the 
method by which fats beneficially influence calcification but they 
do throw considerable doubt on this theory. 
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The erroneous view, that the end-product of diastatic reactions 
is maltose, is so firmly established that, when measuring diastatic 
activity by the reducing power of the reaction products, most 
investigators compute the reduced copper as maltose. Others 
follow quantitative changes by the polarimetric method, again 
on the premise that any change in the optical activity of reaction 
mixtures is due exclusively to the conversion of starch to maltose. 
In the light of both old and new observations, this concept is 
fallacious, since the products of diastatic reactions include glu- 
cose as well as an array of non-fermentable substances (dextrins) 
possessing copper-reducing power (1-3) and optical activity that 
differ from the properties of both starch and maltose. 

In a previous report from this laboratory (4) it was pointed 
out that this lack of regard for well established facts has become 
the source of much confusion with respect to the kinetics of dia- 
static action. In the present article, data are presented to show 
the error in the generally adopted view that in diastatic reactions 
equilibrium is reached when 80 to 85 per cent of the starch is 
converted to maltose, and that at this point the reaction is vir- 
tually stopped by the formation of a dextrin (grenzdextrin), which 
is resistant to further enzymatic action. While this concept is 
still presented in modern text-books and monographs, one finds 
in the extensive literature on the subject numerous observations 
showing equilibria at considerably lower as well as at higher con- 
version levels. Fernbach and Wolff (5), for example, obtained 
diastatic conversions as high as 103.8 per cent, calculated as mal- 
tose, concluding from this result that the starch was completely 
converted to maltose. 


* This work was aided by the Helen Yonkers Research Fund. 
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570 Equilibria in Diastatic Reactions 


Technique 

In the present studies of equilibria the method of tripartite 
analysis of diastatic reaction products (6) was employed. Starch 
pastes prepared from unmodified rice or corn-starch were used 
as substrates, and saliva and barley malt as the sources of dias- 
tase. 

Diastase was precipitated from human saliva with 4 volumes 
of alcohol and separated by centrifugation. The supernatant 
fluid was discarded and the precipitate was dissolved in 0.25 per 
cent sodium chloride solution. A fraction that had become in- 
soluble through contact with alcohol was eliminated by centrifu- 
gation. Precipitation with alcohol was repeated and the pre- 
cipitate was dehydrated, being washed first with alcohol and then 
with ether. The final product, a dry powder, was kept in a desic- 
cator. For use in experiments, the desired amount of the powder 
was extracted with cold 0.25 per cent sodium chloride solution; 
insoluble particles were removed by centrifugation. Occasionally, 
saliva itself was used as the enzyme solution; for this purpose the 
saliva was first centrifuged to remove the mucus, and the super- 
natant fluid was passed through a Berkefeld filter. 

When barley malt was used as the source of diastase, the malt 
was ground to a fine flour and extracted with cold 0.25 per cent 
sodium chloride solution. This extract was precipitated with 4 
volumes of alcohol and the precipitate was treated in the same 
manner as that obtained from saliva. 

In all experiments the reaction mixtures contained 0.25 per 
cent sodium chloride; the pH was approximately 6.8; the tem- 
perature was 40°. Toluene was added as preservative, and it was 
ascertained that no bacterial contamination had occurred during 
the period of incubation. The samples, periodically withdrawn 
for analysis, were rapidly heated to a point near boiling and further 
heated for about 5 minutes in a boiling water bath, in order to stop 
enzyme action. 

Apparent Equilibria—In Table I are presented three experi- 
ments, the results having been obtained by the traditional analyti- 
cal procedure; that is to say, by computing the total copper- 
reducing power of the reaction products as maltose. The reaction 
was allowed to proceed until reducing power ceased to show any 
changes; i.e., until the reaction had apparently reached a state 
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of equilibrium. As may be seen, this occurred in Experiment I 
when 51 to 52 per cent of the substrate appeared as “maltose,” 


TaBLe | 
Pseudoequilibria in Diastatic Reactions 


The maltose equivalents of the copper-reducing power are given per liter 
of reaction mixture. 


a: J, a aM 


| Starch 




















= Duration | ““Maltose” equivalent | Starch 
No. of reaction} formed | of wa converted 
maltose 
hrs. mg. mg. per cent 
I | 3.0 gm. starch, 2.5 gm. 1.0 1057 1004 33.5 
NaCl, and 0.4 gm. dias- 2.0 1336 1269 42.3 
| tase per liter reaction 3.0 1490 1415 47.2 
| mixture; 1 mg. diastase 18.0 1619 1538 51.3 
| per 7.5 mg. starch | 24.0 | 1622 1541 51.4 
| 48.0 1650 1567 52.2 
| 72.0 1634 1552 51.7 
Il | 0.418 gm. starch, 2.5 gm. 0.2 357 339 81.0 
| NaCl, and0.278gm.di-| 0.4 | 357 339 81.0 
astase per liter reaction | 0.8 369 351 84.0 
| mixture; 1 mg. diastase } 1.0 375 356 85.4 
per 1.5 mg. starch 2.0 390 370 88.5 
3.0 390 370 88.5 
18.0 462 439 105.0 
| 24.0 471 447 | 107.0 
| 48.0 479 455 108.8 
| | 72.0 490 465 | 111.2 
[II | 0.418 gm. starch, 2.5 gm. 0.2 | 451 428 102.0 
| NaCl, 0.278 gm. dias-| 0.4 457 434 | 104.0 
| tase, and 200 cc. filtered 0.8 512 486 116.0 
saliva per liter reaction | 1.0 | 6515 489 117.0 
mixture | 2.0 536 509 122.0 
3.0 536 509 122.0 
18.0 531 | 504 120.0 
24.0 | 544 | 6517 123.0 
48.0 481 | 457 109.0 








* Starch equivalent of maltose = maltose X (324/342). 2CsHioOs = 324; 
CyuH 201 = 342. 


while in Experiments II and III the conversion ratios were about 
111 and 120 per cent, respectively; in all three cases the results 
are far from the conventional figures of 80 to 85 per cent. The 
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lower as well as the higher conversion ratios in our experiments 
were not accidental, but resulted from the advised choice of ex- 
perimental conditions. Former workers, who obtained rather 
consistently 80 to 85 per cent conversion, did so because they 
generally used stereotyped, traditional substrate concentrations 
as well as enzyme preparations that were prepared according to 
standard recipes. 

From the data in Table I it may be noted that in Experiment I 
the conversion was low simply because the ratio of substrate con- 
centration to enzyme concentration was high (7.5 mg. of starch 
to 1 mg. of enzyme preparation). In Experiment II, when this 
proportion was shifted in favor of the enzyme (1 mg. of diastase 
per 1.5 mg. of starch), the apparent conversion was 105 per cent 
in 18 hours and reached 111 per cent in 72 hours. In Experiment 
III the conditions were like those in Experiment II, except that the 
diastatic activity was further increased by the addition of filtered 
saliva. Asaresult, over 100 per cent of the starch was apparently 
converted to “‘maltose’’ after only 12 minutes of incubation, and 
in 2 hours 122 per cent conversion was shown. These paradoxical 
figures demonstrate the fallacy of the generally accepted view that 
the limit of starch conversion is 80 to 85 per cent. They indicate, 
furthermore, that glucose must constitute a substantial part of 
the reaction products. 

Results of Tripartite Analysis—When the same reaction products 
were analyzed by the tripartite method, it became evident that 
such stages, wherever the conventional analytical procedure indi- 
cated that the reaction had come to a standstill, actually repre- 
sented pseudoequilibria, in that significant changes, consisting of 
shifts between the three groups of reducing substances, were still 
going on. In Table II are presented the same three experiments as 
in Table I, but with the reducing matter determined as glucose, 
maltose, and non-fermentable reducing substances. When the 
two tables are compared, it may be seen that while in Experiment 
[ in Table I an apparent equilibrium was reached after an 18 hour 
reaction period, actually, as shown in Experiment I in Table II, 
no equilibrium had been attained throughout the 72 hours of in- 
cubation. It may be noted, furthermore, that instead of a con- 
version of 51 per cent of the starch to maltose, the aggregate 
amount of maltose plus glucose in the reaction mixture at no time 
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exceeded 13.2 per cent of the starch; the bulk of the reduced copper 
was derived from non-fermentable reducing substances. 


TaBe II 
Results by Tripartite Analysis 

The amounts of copper reduced and the equivalent amounts of sugar are 
given per liter of reaction mixture. 








Experi- 
ment No. 


I 


II 


Ill 


* 1 mg. of glucose 


Duration | 


of reac- 


tion 
hrs. 
1.0 
2.0 
3.0 
18.0 
24.0 
48.0 
72.0 
0.2 
0.4 
0.8 
1.0 
2.0 
3.0 
18.0 
24.0 
48.0 
72.0 
0.2 
0.4 
0.8 
1.0 
2.0 
3.0 
18.0 
24.0 
48.0 


























Copper re- | 
acriement, Mant | Sey | Ga | equine | seg 
oe maltose of glucose |and glucose 
mg. mg. mg. mg. mg. per cent 
1053 203 193 12 11 6.8 
1285 263 250 35 32 9.4 
1350 205 195 139 125 10.7 
1480 371 352 51 46 13.2 
1510 307 292 82 74 12.2 
1570 221 210 128 115 10.8 
1700 189 180 62 56 7.9 
200 | 175 166 14 13 42.8 
210 | 157 149 20 18 40.0 
200 | «198 188 7 6 46.3 
210 | 166 158 27 24 43.5 
204 | 133 126 61 56 43.5 
169 204 194 33 30 52.3 
175 200 190 79 71 62.4 
151 231 220 77 69 69.0 
155 346 328 6 5 79.5 
163 222 211 92 83 70.5 
45 276 262 | 81 82.0 
53 276 262 | 91 82 82.3 
19 295 280 | 130 117 95.0 
21 | 264 250 | 152 137 92.8 
0 | 290 275 | 159 143 100.0 
0 | 290 275 | 159 143 100.0 
64 | 285 270 | 127 114 92.0 
41 301 285 | 136 122 97.5 
51 406 386 | 22 20 97.1 
= 1.94 mg. of Cu; 1 mg. of maltose = 1.25 mg. of Cu. 


In Experiment II an equilibrium was apparently reached with a 
paradoxical 111.2 per cent conversion of starch to maltose (Table 
I); actually, however, only 50.5 per cent of the starch was con- 
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verted to maltose and 20 per cent to glucose (Table II). A large 
part of the reducing matter again consisted of dextrins. 

The results of the tripartite analysis in Experiment III (Table 
Il) furnish added information of interest by showing that when 
the enzyme concentration is sufficiently high in relation to the 
substrate concentration a 100 per cent conversion of starch to 
maltose and glucose, with a complete disappearance of dextrins, 
is possible. In the experiment cited, this stage was reached in the 
short period of 2 hours. The fact that at this point glucose con- 
stituted one-third of the reaction products accounts for the paradox 
of a 122 per cent conversion (Experiment III, Table I). 

Reversibility of Diastatic Reactions—The figures in Table II 
reveal that in none of the three experiments presented has an 
equilibrium been reached even after reaction periods of 2 or 3 days; 
in fact, the relationship between the three groups of reducing sub- 
stances has been continuously shifting. This phenomenon, the 
marked fluctuations in the amounts of the individual reducing 
substances in the reaction mixture, escapes detection when only 
the aggregate reducing power of reaction mixtures is determined. 
In Experiment I, Table II, for example, the amount of maltose 
decreased in the 3rd hour by about 25 per cent, only to rise to 
nearly double in the next interval; thereafter it declined con- 
sistently, until at the end of 72 hours there was less maltose 
present than at the end of the Ist hour. Glucose showed similar 
fluctuations, but the changes in the two sugars bear no quantita- 
tive relationship to one another. Close correspondence in the 
decrease of one to the increase of the other is fortuitous; such re- 
lationships do not occur consistently. In the last interval (72 
hours), for example, the amounts of both maltose and glucose de- 
creased considerably, glucose twice as much as maltose. Through 
direct determinations of the actual carbohydrate content of the 
non-fermentable fractions (by way of hydrolysis and determination 
of the glucose so formed), it was ascertained that the amounts of 
the two fermentable sugars that had disappeared reverted to 
larger, non-fermentable compounds. 

The results of Experiments II and III (Table II) exhibit similar 
characteristics: while at some stages of the reaction the figures 
are suggestive of interconversion between maltose and glucose, at 
other stages the changes in the two sugars preclude this possibility. 
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One experiment of this series is graphically presented in Fig. 1 
to illustrate the fact that both maltose and glucose, formed at an 
early stage of diastatic reactions, may continually and consistently 
decrease as the reaction progresses; both are shifted back into the 
non-fermentable fraction. 
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Fie. 1. Example of diastatic reaction in which maltose and glucose de- 
crease, while reducing dextrins increase. 


It is indicated, then, that diastatic reactions, between the non- 
fermentable reducing substances (dextrins) on one side and the 
two fermentable sugars on the other, are reversible. There is, 
however, no interconversion between glucose and maltose. We 
have repeatedly ascertained that the enzyme preparations used 
in these experiments do not produce glucose when incubated with 
maltose solutions. In the present study it is shown that when 
glucose disappears from the reaction mixture it is not converted to 
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maltose. A good example in proof of this fact may be seen in 
Experiment III (Table II), in which during the interval between 
the 3rd and 18th hours of the reaction an appreciable amount of 
glucose disappeared, without giving rise to an increase in maltose. 
As was ascertained by hydrolyzing the reaction products by heat- 
ing with acid, the glucose was polymerized to dextrins (non-fer- 
mentable reducing matter). Ling (7) possibly observed such an 
incidental stage in the action of malt diastase upon potato starch 
when he reported the conversion of glucose to isomaltose. What 
Ling regarded as isomaltose was probably a mixture of achroo- 
dextrins of rather small molecular sizes, possibly including a non- 
fermentable disaccharide (3); this is the sort of mixture which in 
our analyses is denoted as non-fermentable reducing substances. 


SUMMARY 


The generally accepted view that diastatic reactions reach an 
equilibrium when 80 to 85 per cent of the substrate (starch) has 
been converted to maltose is erroneous in more than one respect. 
The reaction products, instead of consisting of a diastase-resistant 
grenzdextrin and maltose, represent a mixture of glucose, maltose, 
and an array of non-fermentable copper-reducing polysaccharides. 
When the aggregate reducing power of the reaction mixture reaches 
a virtually constant maximum, 7.e. when an apparent equilibrium 
is established, there are still substantial shifts in the amounts of 
the several reducing substances. 

The rate as well as the extent of starch conversion can be readily 
regulated by proper adjustments of the enzyme to substrate ratio. 
If the relative amount of the enzyme is high enough, the starch 
can be completely converted to a mixture of glucose and maltose, 
but not into maltose alone. 

The reactions, dextrins = glucose and dextrins = maltose, are 
reversible, but the conversion of maltose to glucose or the reverse 
process does not occur in diastatic reactions. Accordingly, 
Somogyi’s diagram representing the course of diastatie action 
(4) may be expressed in the following amplified form. 

? glucose 
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NOTE ON THE FERMENTATION OF MALTOSE AND 
GLUCOSE IN ALKALINE SOLUTIONS* 


By IRENE E. STARK ann MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 


(Received for publication, November 4, 1941) 


The selective fermentation of glucose in the presence of mal- 
tose, in alkaline solutions, furnished the basis of a new approach 
to the analysis of diastatic reaction products (1). While using 
this method extensively, we felt that the effect of alkalinity upon 
the rate of fermentation of maltose deserved additional study 
from a theoretical as well as a practical point of view. 

Fermentation in these experiments was carried out at 30° with 
washed bakers’ yeast, according to the technique described in 
a previous article (2). The rate of fermentation was measured 
by the determination of the unfermented sugar in samples period- 
ically withdrawn from the fermenting solution; the fermentation 
in the samples was stopped by removing the yeast by centrifu- 
gation. 

The sugar was determined by the copper-iodometric procedure 
of Shaffer and Somogyi, with the “high alkalinity” reagent (1). 
Because the sugar solutions contained buffers, precaution was 
taken to forestall their effect upon the alkalinity of the copper 
reagent. Failure to consider this effect causes errors in the sugar 
determination, especially in the acid ranges; the error is as much 
as 5 to 6 per cent when the sugar solution is buffered at pH 6.0, 
and about 2.5 per cent even at pH 7.0. This source of error 
was eliminated by adjusting the buffered sugar solution with 
sodium hydroxide to about pH 8.0 as described in a subsequent 
paragraph. 

The effect of pH on the rate of fermentation of maltose was studied 
in the range between pH 3.6 and 8.4. (These figures represent 
the initial pH values, but in the course of the fermentation they 


* This work was aided by the Helen Yonkers Research Fund. 
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were slightly lowered by carbon dioxide derived partly from the 
sugar, partly from the “self-fermentation” of the yeast.) From 
pH 3.6 to 5.2 acetic acid-sodium acetate and from pH 5.2 to 8.0 
phosphates were used as buffers; sodium bicarbonate was em- 
ployed to produce pH 8.4. The concentration of the buffers and 





of bicarbonate was 0.2 Mo in all cases. 
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Fig. 1. The effect of pH on the rate of maltose fermentation 


In Fig. 1 are represented fermentation rates at a few pH values. 
As may be seen, the rate was highest at pH 4.8, while at lower 
as well as at higher pH values fermentation proceeded at lower 
rates. The optimal pH range, according to data not shown in 
the graph, lies between 4.8 and 5.2. It may be mentioned that 
the rate of fermentation of maltose solutions which contain no 
buffers is distinctly higher than the optimal rate in the presence 
of buffers, indicating that the electrolytes employed exert a slight 
inhibitory effect. 
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Direct Fermentation of Maltose—Willstatter and his collaborators 
and later Sobotka and Holzman (3) advanced evidence to the 
effect that maltose is fermented by brewers’ yeast directly, with- 
out the need of preliminary hydrolysis by maltase. Our results 
confirm this view in the instance of bakers’ yeast. Maltase 
preparations, extracted from brewers’ yeast in our laboratory, 
showed optimal activity in the pH range of 6.0 to 6.8, much the 
same as Michaelis and Rona have reported (4). Yet our data 
show that the time of half fermentation of maltose at pH 6.4, 
i.e. at the optimum of maltase action, was 93 minutes, whereas 
it was only 27 minutes at pH 4.8, at which maltase activity is 
almost negligible, and 47 minutes even at pH 3.6, at which mal- 
tase is virtually inactive. These figures show that the fermen- 
tation of maltose is independent of maltase action. 

Application in Analytical Work—Our experiments furnish cer- 
tain directives for the analysis of diastatic reaction products. 
When the non-fermentable reducing substances (dextrins) are to 
be determined, both maltose and glucose must be fermented 
away. But when diastase is allowed to act in a buffered medium, 
as a rule at pH 6.8, complete fermentation of the maltose cannot 
be attained even in 4 or 5 hours, unless either the pH is first lowered 
to about 5.0 or the phosphates are removed as barium salts. At 
the optimal pH or in buffer-free solutions, fermentation is com- 
plete in 2.0 to 2.5 hours, provided that the yeast employed is 
fresh. The importance of the latter factor is illustrated in Fig. 2. 
All three curves show the fermentation rates of unbuffered solu- 
tions uniformly containing 40 mg. of maltose per 100 cc., in which 
15 gm. (moist weight) of washed bakers’ yeast were suspended. 
In the experiment represented by the topmost curve the yeast 
was 3 days old (the time necessary to get it from manufacturing 
plant to laboratory); the other two curves show the marked de- 
crease in the fermentation rate when the same yeast was used 
10 and 12 days later. 

Selective Fermentation of Glucose—Glucose is readily fermentable 
at alkaline reactions at which maltose is not affected by bakers’ 
yeast. Inspection of Fig. 1 reveals that at pH 8.4 no measurable 
amount of maltose is fermented in 30 minutes with as much as 
15 gm. of yeast suspended in 100 cc. of solution. Table I shows 
that at the same alkalinity glucose is almost completely fermented 
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in 10 minutes with only 10 gm. of yeast per 100 cc. of solution. 
These facts form the basis of the quantitative determination of 
glucose in the presence of maltose. 

In our earlier studies of diastatic reactions we used no buffers. 
For selective fermentation the reaction products were made alka- 
line by the addition of sodium carbonate, and a 30 minute period 
was allowed for the complete fermentation of glucose. During 


3 days old 
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Per cent maltose fermented 
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Fia. 2. The effect of age of yeast on the rate of maltose fermentation 


these 30 minutes it was necessary to watch the reaction of the 
fermenting fluid lest the pH drop owing to the evolution of carbon 
dioxide partly from the sugar, partly from the “self-fermenta- 
tion” of yeast. As may be seen in Fig. 1, this was important, 
since at pH 8.0 a measurable fraction of the maltose also is fer- 
mented in 30 minutes. In the present studies, in which phos- 
phate buffers of 0.2 m concentration were used, we found that 
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adjustment of the pH to 8.4 is sufficient to safeguard the sharp 
separation between glucose and maltose. 

Tripartite Analysis—Accordingly, when glucose, maltose, and 
reducing dextrins are to be determined in buffered reaction mix- 
tures, we proceed as follows: A 20 ce. portion of the reaction 
mixture is measured, a drop of phenolphthalein added, and then, 
from a burette, sodium hydroxide is run in until a pale but per- 
manent pink color is attained; finally the solution is diluted to 
25 cc. or to some other convenient volume. Two 5 ce. portions 
of this alkalinized solution are used for the determination of the 
aggregate reducing power (A). The remainder is fermented with 
washed yeast, approximately 10, gm. (moist weight) being used 
per 100 cc. of fluid. After about 20 minutes fermentation the 


TaBLe | 
Rate of Glucose Fermentation at pH 8.4 


Unfermented fraction of glucose 


With 15 per cent 


Fermentation time 








With 5 per cent yeast | With 10 per cent yeast yeast 
min. mg. per cent mg. per cent | mg. per cent 
0 51.2 51.2 51.2 
10 24.8 0.4 | 0.5 
20 11.4 0 0 
30 5.7 0 | 0 





yeast is removed by centrifugation, and the reducing power (B) 
of the solution is determined. A—B=glucose. 

To determine the reducing power of the non-fermentable reac- 
tion products (dextrins), both glucose and maltose must be com- 
pletely fermented away. For this fermentation the reaction of 
the solution must be adjusted to a pH between 4.5 and 5.2 by 
the addition of hydrochloric acid. By titrating 10 cc. of the 
reaction mixture with the acid, with methyl red as an indicator, 
the amount of acid required is determined. On this basis 20 ce. 
of the reaction mixture are acidified to the optimal pH of maltose 
fermentation, the volume is brought to 25 ec., and then the mix- 
ture is fermented with 15 per cent washed yeast for 2.5 hours. 
After the yeast is removed by centrifugation, 5 ec. portions of 
the fluid are measured into sugar tubes for the determination 
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of the reducing power. Before the copper reagent is added, the 
reaction of the solution is adjusted to pH 8.0 to 8.4 by adding 
sodium hydroxide, with penolphthalein or phenol red as indicator. 
The reducing power (C) of this solution represents non-fermentable 
substances. B — C = maltose. 


SUMMARY 


Maltose is fermented by bakers’ yeast without the need of pre- 
liminary hydrolysis to glucose by the action of maltase (“direct 
fermentation’’). 

At pH 8.4 glucose is completely fermented in less than 20 min- 
utes, whereas under the same conditions no measurable amount 
of maltose is fermented in 30 minutes. This fact is employed 
as the basis of an analytical procedure for the determination of 
glucose in solutions which contain maltose. 
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A STUDY OF THE ACTION OF PANCREATIC AMYLASE* 


By JOHN E. LITTLE anv M. L. CALDWELL 
(From the Department of Chemistry, Columbia University, New York) 


(Received for publication, November 14, 1941) 


Studies of the inactivation of biologically active proteins by 
chemical reagents are assuming new significance. This is due to 
the fact that many compounds are now known which act in definite 
and specific ways upon certain groupings in the protein molecule. 
While the characteristic activities of these proteins must be con- 
sidered primarily a property of the molecule as a whole, there is 
no doubt that in many cases they also depend upon the presence 
and the arrangement of certain chemical groups in the molecule. 
This being the case, the blocking or destruction of such groups by 
specific reagents, paralleled by a study of their effect upon the 
activity, has proved to be most informative. 

The three groups which have so far been found to be closely 
connected with the specific activities of such proteins are the free 
primary amino groups (1-4), which are probably those of lysine, 
the sulfhydryl groups of cysteine (5-12), and the phenolic hydroxyl 
groups of tyrosine (13-17). 

This investigation was undertaken to determine, if possible, 
whether any of these groups is responsible for the activities of 
pancreatic amylase. The value of such work with regard to 
enzymes is obvious, as it adds precise information about the nature 
of the enzyme and the way in which it acts. Pancreatic amylase 
is especially well suited to such an investigation, as it has been 
shown (18, 19) to be protein in nature and is rather easily purified, 
although the yields are small (18). Much of the work reported 
here was carried out with the highly purified amylase (18). In 


* This work is taken from a dissertation submitted by John E. Little 
in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy in the Faculty of Pure Science, Columbia University. 
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some cases the more stable and readily available pancreatin! was 
also used. The results with the amylase from the two sources are 
in accord, as would be expected from the fact that the amylase 
activity is always taken as the direct measure of the concentration 
of active enzyme present. 


EXPERIMENTAL 


Acetylation—Ketene was used to acetylate the amylase. This 
reagent has been employed successfully by Northrop and Herriott 
in their work with pepsin (15-17), by Stern and White in their 
work with insulin (20), and by a number of other investigators 
(2, 3, 21). Ketene reacts with primary amines, sulfhydry] groups, 
and phenolic tyrosine groups, but not with secondary amines, or 
aliphatic hydroxyl groups (13, 22-24). Moreover, its reaction 
with primary amines is much more rapid than that with either the 
sulfhydryl! or the phenolic groups (13, 15). This point is of special 
interest in connection with the work to be reported here. 

The effect of acetylation upon pancreatic amylase was studied 
by following both its saccharogenic (25) and its amyloclastic (26) 
activities. To make certain that the effects observed were due to 
the acetylation and not to the other conditions of the experiments, 
the activities of treated solutions were always compared side by 
side with the activities of aliquots of the original unacetylated 
enzyme solution which had been held under the same conditions 
as the acetylated portions. 

The acetylations were carried out at 0° in aqueous solutions at 
pH 5.0 in the presence of 2 M acetate, 0.01 mM phosphate, and 0.02 M 
sodium chloride. The phosphate and chloride were added to aid 
in the stability of the enzyme (18). A few drops of caprylic alcohol 
were also always added to prevent foaming which has been found 
to decrease the activity of the protein (18). A modification of the 
apparatus described by Li (27) was used. 


Results 


Table I gives typical data for the rate of inactivation of the sac- 
charogenic activity of the amylase when it was acetylated with 
ketene for 150 minutes. Aliquots of the acetylated solution were 


1 We wish to thank Parke, Davis and Company for the highly active 
undiluted pancreatin they so kindly supplied us for this work. 
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removed at the intervals noted and kept in melting ice until the 
acetylation of the rest of the solution was completed. They were 
then measured, together with the control solution, for saccharo- 
genic activity (25, 28). For this they reacted for 30 minutes at 
40° with 1 per cent soluble starch at pH 7.1 and 2 ce. of the re- 
sulting reaction mixtures were tested for reducing value (25) 
which was calculated in terms of maltose (29). The data are 
readily reproducible provided the rate of ketene flow is held 
constant. 

The rapid decrease in saccharogenic activity (69 per cent in 30 
minutes) indicates that the loss is due to the acetylation of amino 














TaBLe I 
Action of Ketene upon Saccharogenic Activity of Pancreatic Amylase 
Acetylation | Maltogs per 2.00- | activity —_| Activity fn pr cot 
_ min. mg. 

0 7.51 751 100.0 
30 2.33 233 31.0 
60 1.55 155 20.6 
90 0.86 86 10.1 

120 0.69 69 9.2 
150 0.52 52 6.9 
150 (Control) 7.25 725 96.5 





* Activity = mg. of maltose per mg. of enzyme under stated conditions 
which include that the measurements be made upon the linear portion of the 
activity curve (25). 


groups rather than to that of phenolic groups of tyrosine or of 
sulfhydryl groups of cysteine, which presumably would both 
have been acetylated much more slowly (1-3, 13, 15, 20). This 
conclusion was confirmed by all subsequent work. 

The data given in Fig. 1 show a close correlation between the 
loss of amylase activity and the loss of amino nitrogen due to the 
action of the ketene. The loss of amino nitrogen was determined 
according to Van Slyke (30) with a micro apparatus and the tech- 
nique was standardized and checked by analyses of solutions of 
alanine containing known amounts of amino nitrogen. 

It is interesting to note that the rate of loss of amylase activity 
along the first part of the curve is somewhat more rapid than the 
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rate of the blocking of the amino nitrogen and that the curves 
approach each other as the losses of activity and of amino nitrogen 
become complete. Fig. 2 illustrates this more clearly. Extrap- 
olating the curve as shown by the dotted line indicates that 100 
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Fic. 1. Comparison of the losses of the saccharogenic activity (S) and 
of the amino nitrogen (N) of pancreatic amylase with time of acetylation 
during treatment with ketene. The data are given in per cent of original 
activity or of original amino nitrogen. 


per cent inactivation would be realized at the point where the 
blocking of the amino groups would be complete. All of the 
amino groups must, therefore, be in some degree necessary to the 
enzymic action. The larger initial rate of loss of activity may 
mean that the amino groups which are more accessible to, or re- 











J. E. Little and M. L. Caldwell 589 


active with ketene are also those most active in the sugar-forming 
action of the enzyme, and, therefore, that the blocking of these 
groups would cause a greater drop in activity than that of those 
acetylated with more difficulty later. 
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Fig. 2. Loss of the saccharogenic activity of pancreatic amylase with 
loss of its amino nitrogen upon acetylation with ketene. The data are 
given in per cent of original activity or of original amino nitrogen. 


In Fig. 3 a comparison is made of the rates at which the amylase 
loses its amyloclastic and saccharogenic activities upon acetyla- 
tion with ketene. The data were obtained when aliquots of the 
same enzyme solution, before and after acetylation, were measured 
for both kinds of activity and are typical of a number of such 
comparisons. They show that the amyloclastic activity is lost 
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at even a slightly more rapid rate than the saccharogenic activity 
and indicate that the former as well as the latter depends upon 
free amino groups in the enzyme molecule but perhaps not entirely 
upon the same ones. If the losses of the two activities were due 
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Fic. 3. Comparison of the losses of the saccharogenic (S) and of the 
amyloclastic (A) activities of pancreatic amylase with time of acetylation 
during treatment with ketene. The data are given in per cent of original 
activities. 


to the acetylation of different kinds of groupings, such as the 
phenolic hydroxyl groups of tyrosine or the sulfhydryl groups of 
cysteine in one case, and the primary amino groups of lysine in 
the other, the rates of loss of the two activities would presumably 
be very different, as the former groups have been reported by a 
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number of workers (1-3, 13, 15, 20) to be acetylated in proteins 
much more slowly than the primary amino groups. 

The relatively small differences observed in the rates of loss of 
the two types of activity may be due to differences in reactivity 
or availability of essential amino groups to ketene, depending 
upon the positions of these groups in the protein molecule. 

While the above data lead to the conclusion that the activities 
of pancreatic amylase are intimately connected with its primary 
amino groups, it seemed of interest to study more definitely the 
possible importance of the phenol groups of its tyrosine, especially 
as such groups have been found to be closely related to the ac- 
tivities of pepsin (15-17) and of other biologically active proteins 
(2, 3, 21). 

A solution of the amylase was acetylated in the usual manner 
and aliquots of the solution before and after treatment were meas- 
ured for free phenol groups of tyrosine by the “pH 8” method of 
Herriott (16). It was found that 15 minutes acetylation, which 
is sufficient to cause a loss of 78 per cent of the activity of the 
amylase and a loss of 40 per cent of its free amino nitrogen, had 
caused only a 13 per cent loss of the free tyrosine groups of the 
protein. These results, taken with the finding that the activity of 
the amylase disappears entirely only when its amino groups are 
completely blocked, tend to eliminate the tyrosine groups as an 
important factor in the activity of this amylase. 

This conclusion was further strengthened by the fact that no 
activity was recovered when inactivated acetylated material was 
subjected to mild hydrolysis at pH 11 under conditions which 
have been found suitable for the removal of the acetyl groups from 
acetylated pepsin (15, 16) and from acetylated insulin (31). Com- 
pletely acetylated, inactive material remained inactive after the 
hydrolysis. Partially inactivated acetylated material did not 
increase in activity but also did not lose its partial activity. This 
showed that the hydrolysis treatment itself was not too drastic, 
had not appreciably disrupted the peptide linkages of the protein 
molecule. 

The conditions for the hydrolysis of acetylated phenolic groups 
as given by Herriott and Northrop (15, 16) are without effect upon 
the acetylated amino groups of the protein, as these are, in general, 
much more difficult to hydrolyze than the acetylated tyrosine 
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groups (15, 16, 32). Hydrolysis of the partially acetylated mate- 
rial with acid or with papain resulted in the further loss of all of 
its activity, presumably because of destruction of the protein 
molecule. 

Other Reagents—Only brief mention will be made of a number 
of other experiments which give additional direct evidence that 
the activity of pancreatic amylase is intimately connected with 
the presence of free primary amino groups in the protein molecule. 
A number of reagents which react specifically with primary amino 
groups of proteins were studied. 

The amylase was completely inactivated by treatment with 
formaldehyde, while the control solutions, kept under identical 
conditions, except for the formaldehyde, showed no loss of activity. 
The formaldehyde reacted with the enzyme for 30 minutes at 25° 
in 1 per cent concentration and at pH 8.2 (2, 33-37). 

Treatment of pancreatic amylase with phenyl! isocyanate at pH 
7.1 for 5 minutes (36, 38-40) caused a 73 per cent loss in its sac- 
charogenic activity, while the control solution, without the iso- 
cyanate, retained its full activity. 

Nitrous acid (14) also caused rapid and complete loss of pan- 
creatic amylase activity. The detailed results of this work are 
of special interest and are being reported elsewhere.? 

Although the experience of this laboratory indicates that pan- 
creatic amylase is not easily oxidized or reduced and neither the 
highly purified amylase nor the pancreatin gave evidence of the 
presence of sulfhydryl groups, detectable by the nitroprusside 
test, it seemed of interest to make a quantitative study of the 
effect of mild oxidation (aeration) and reduction (treatment with 
cysteine) upon the amylase activities. 

In the aeration experiments, air was bubbled through a solution 
of the amylase at pH 5.0 and 0°. The bubbling was at the rate 
of about two bubbles a second and a few drops of caprylie alcohol 
were present to prevent foaming (18). When the pancreatic 
amylase was treated with cysteine, the highly purified enzyme 
was allowed to stand in contact with 0.05 m cysteine for 30 minutes 
at pH 7.1 at 0°. Neither of these treatments had any appreciable 
influence upon either the saccharogenic or the amyloclastic ac- 
tivity of the amylase. 


? Little, J. E., and Caldwell, M. L., unpublished data. 
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The effect of iodoacetic acid which, under certain conditions 
(41), is specific for sulfhydryl groups of proteins was also studied 
and found to be in strong contrast to the effect of the reagents dis- 
cussed above which react specifically with primary amino groups 
and which cause prompt inactivation of the amylase. No loss of 
activity could be detected when highly purified pancreatic amylase 
was treated with 0.1 mM iodoacetic acid at pH 7.1 for 30 minutes 
at 0°. Such treatment causes inactivation of urease (12) and of a 
number of other enzymes and proteins (7, 11) which are, therefore, 
believed to owe their characteristic activities in part at least to 
the presence of free sulfhydryl groups. 

Taken together, the results of these latter experiments as well 
as those of the acetylation show quite conclusively that neither 
sulfhydryl nor disulfide groups are essential to the activity of pan- 
creatic amylase. 


SUMMARY 


A study of the influence of acetylation, with ketene, and of the 
action of certain other reagents upon the activities of pancreatic 
amylase has been made. 

It has been established that the primary amino groups of the 
enzyme protein are essential to the activities of this amylase. 

It has been shown that the phenolic hydroxy] groups of tyrosine 
are of little, if any, importance to the activities of this amylase. 

No evidence has been found for the presence of free sulfhydryl 
groups in the active enzyme nor for their importance to its ac- 
tivities. 

At any given time during the acetylation of the enzyme with 
the ketene, the per cent loss of the amyloclastic activity is slightly 
greater than the per cent loss of the saccharogenic activity. This 
seems to indicate that the amino groups responsible for the two 
kinds of activity may not always be identical but that there may be 
a difference in reactivity and availability to ketene between those 
amino groups most essential to the amyloclastic activity and those 
most necessary to the saccharogenic activity of the enzyme. 
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THE EFFECT OF DIBENZANTHRACENE, OF ALCOHOL, 
AND OF OTHER AGENTS ON VITAMIN A 
IN THE RAT* 


By C. A. BAUMANN, E. G. FOSTER, anv P. R. MOORE 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, November 15, 1941) 


Dibenzanthracene tends to minimize hepatic stores of vitamin 
A (1, 2) both by inhibiting the accumulation of the vitamin and 
by accelerating the rate of depletion of preformed stores (3). 
These effects could be the result of various mechanisms. The 
hydrocarbon might promote the excretion of the vitamin; it might 
hasten the destruction of the vitamin in the body; or it might 
alter the distribution of vitamin A between the liver and other 
organs. The first possibility was considered by Goerner and 
Goerner (1) who, however, failed to find any vitamin A in the 
urine of their injected animals. We have been unable to detect 
the vitamin in the combined excreta. The second possibility 
does not readily lend itself to experimentation, and accordingly 
we have examined the third. The effects of the hydrocarbon were 
compared with other regimens likely to affect vitamin A storage, 
and an attempt was made to determine the fate of that fraction of 
the vitamin which had been driven from the liver by the dibenzan- 
thracene. 


Methods 


Essentially the same methods were employed as in our previous 
studies (3). Vitamin A stores were established in standard rats 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. Supported in part by a grant from the 
Wisconsin Alumni Research Foundation. We are also indebted to the 
Wisconsin Natural Science Project, Works Progress Administration No. 
10305, for technical assistance. 

Presented in part before the meeting of the American Society of Bi- 
ological Chemists at Chicago, April 19, 1941 (Proc. Am. Soc. Biol. Chem., 
J. Biol. Chem., 140, p. xii (1941)). 
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by the ingestion of halibut liver oil, and the rats were then con- 
tinued on various modifications of a standard diet low in vitamin A, 
When changes in the protein content of this ration were introduced, 
corresponding alterations were made in the carbohydrate com- 
ponent, cooked corn-starch. Colloidal 1 ,2,5,6-dibenzanthracene 
was prepared and injected as before and the amount of vitamin A 
remaining in the various tissues of the animals was determined 
chemically by the SbCl; method. The results, initially obtained 
as blue units, were expressed as micrograms of vitamin A per 
tissue. 5 blue units = 1 y (4). 


EXPERIMENTAL 


Effect of Dibenzanthracene on Distribution of Vitamin A in Rat 
Tissue—Twenty-six rats, 36 to 48 gm. in weight, were given 6 
drops of halibut oil equivalent to a total of 1560 y of vitamin A, 
Two animals were killed for analysis and the remainder placed on 
various diets free of the vitamin. Certain groups were injected 
intraperitoneally with 1 mg. of colloidal dibenzanthracene in 1 ce. 
of 1 per cent gelatin weekly. After 8 weeks all animals were killed, 
and the livers as well as the combined non-hepatic organs (lungs, 
kidneys, adrenals, spleen, and 4 cc. of blood) were analyzed for 
vitamin A. Attempts to determine the vitamin in the entire non- 
hepatic carcass were unsuccessful. 

As in our previous studies (3) the animals injected with dibenzan- 
thracene contained significantly less hepatic vitamin A than the 
uninjected animals, and this was observed consistently in spite of 
other variables introduced. With the decrease of vitamin A in 
the liver, there was a definite increase of the vitamin A in the non- 
hepatic tissues of all injected animals. This increase was partic- 
ularly evident when the percentage distribution of vitamin A 
between the liver and the non-hepatic tissues was calculated. In 
the absence of dibenzanthracene 2 per cent or less of the total 
vitamin in the body existed outside the liver; in rats treated with 
dibenzanthracene, 19 per cent or more of the total vitamin was 
found to be in the non-hepatic organs (see also Table IV). When 
the experiment was repeated with somewhat heavier animals, and 
the various non-hepatic organs analyzed separately, the non- 
hepatic vitamin A was found to be almost entirely in the kidneys 
(Table I). 
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Numerous variations in experimental procedure involving 130 
rats were introduced in an attempt to determine the extent and 
limitation of this translocation of vitamin A. Beginning with 
initial stores of 750 y of vitamin A per liver, a marked shift to the 
kidney was always observed when the animals were exposed to the 
hydrocarbon for a sufficient length of time to reduce the hepatic 
stores to one-fifth of their original value, or 150 y. This required 
a depletion period of 8 weeks. With a longer time of contact the 
amount of vitamin A in the kidney increased until in certain 
animals it actually exceeded the amount in the liver. On the other 
hand, when the animal was exposed to dibenzanthracene for 7 
weeks or less, and the hepatic stores reduced to one-third of their 





























TaBie I 
Effect of Dibenzanthracene on Distribution of Vitamin A between Liver and 
Kidney 
== ‘exper meted | Vitamin A in liver | Vitamin A ‘itunes vitamin a A 
| wks. | ¥ per rat y perrat | y perrat | per cent 
2 | +] = 869 (858-880) 18t 2.0 
me i Chait 685 (456-946) 10 2 0.3 
3 | 9 | + 128 (64-252) 43 0 25.2 
2 0 ‘Fre 880 (840-920) 20 4 2.2 
4 8s | - 506 (386-648) 2 1 0.4 
4 8 + 132 (61-210) 23 1 15.0 








* 1,2,5,6-Dibenzanthracene. 
t Combined non-hepatic organs. 


original value, or 250 y, only a relatively slight diversion of vitamin 
A to the kidneys was observed. 

The diversion to the kidney was also slight when storage of vita- 
min A proceeded under the influence of the hydrocarbon. A 
group of eight rats, weighing 69 to 105 gm. and containing less than 
20 y of vitamin A per liver, was fed the standard low vitamin A diet 
and injected intraperitoneally 3 times during 1 week with 1 mg. of 
colloidal dibenzanthracene in 1 cc. of 1 per cent gelatin solution. 
A similar group was injected with gelatin only. All rats were then 
fed 4 drops of halibut liver oil and were killed for analysis 3 days 
later. The control animals averaged 616 y of vitamin A per liver 
(530 to 840) and 6.5 y per pair of kidneys; those receiving dibenz- 
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anthracene averaged 380 y per liver (209 to 540) and 15 y per pair 
of kidneys. In other words, the kidneys of the control animals 
contained 1.0 per cent of the total body vitamin A as compared to 
3.8 per cent in the rats treated with dibenzanthracene. 
Even under conditions favorable for a vitamin A shift, the in- 
crease of the vitamin in the kidney accounted for only a small 
fraction of that which had disappeared from the liver. A typical 
case is presented in Table II. Under the influence of the dibenzan- 
thracene the vitamin A content of the kidney increased from 5 to 
69 y in 9 weeks, but during the same period 605 y of vitamin A 
were lost from the liver. In other words, only 10.5 per cent of the 
vitamin, which had left the liver, reappeared in the kidney. _ Inci- 


TaBe II 
Percentage of Mobilized Vitamin A Diverted to Kidney 
1 mg. DBA* 


Contre ais | Control rts. | par wk eb 
0 wk. 9 wks. in oil, 9 ~~ 
Y Y Y 

Vitamin A in liver.. ; 783 496 178 
- “« « kidney.... 5 Trace 69 
Total vitamin A 788 496 247 
Vitamin A lost from liver... 287 605 
Increase of vitamin A in kidney... 0 64 

% of lost vitamin A in kidney 0 10.5 


* 1,2,5,6-Dibenzanthracene. 


dentally dibenzanthracene promoted a vitamin A shift, whether 
injected subcutaneously in oil (Table II) or intraperitoneally as a 
gelatin emulsion (Tables I, IV). The shift was also observed in 
four rats injected with methylcholanthrene. 

In the shift of vitamin A from the liver to the kidney, the hydro- 
carbons have apparently upset the equilibrium which ordinarily 
exists between hepatic and renal vitamin A. In the normal animal 
this distribution is overwhelmingly in favor of the liver (5, 6) and 
even the high amounts of vitamin which must have been present 
in the blood after the ingestion of halibut liver oil nevertheless 
failed to produce any major accumulation of vitamin A in the 
kidneys (initial controls, Tables I and II). After 9 weeks on a 
low vitamin A diet the hepatic stores of the vitamin were reduced 
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by less than 50 per cent and the renal stores were also reduced, 
often to amounts which were no longer measurable (Tables I and 
II). This confirms older observations on a general parallelism 
between changes in the vitamin A content of liver and kidney (6, 7). 
The parallelism also persisted in eight uninjected rats which were 
continued on our low vitamin A diet for 18 and 24 weeks. Hepatic 
stores decreased from 734 y to 399 and 99 y of vitamin A respec- 
tively, levels roughly comparable to those after only 8 weeks in 
contact with dibenzanthracene. Only traces of vitamin A re- 
mained in the kidneys. In other words the mere removal of large 
amounts of vitamin from the liver failed to increase the vitamin 
content of the kidney. Under the influence of dibenzanthracene, 
however, the vitamin content of the kidney increased, while the 
total amount in the body was decreasing. 

A cumulative effect of the hydrocarbon was indicated by the fact 
that the vitamin A shift was most pronounced in the long time 
experiments. Dibenzanthracene is somewhat soluble in body 
fluids (8, 9) and it is known to wander from the site of injection to 
other areas, particularly to the lungs (10, 11) and liver (12, 13), 
where various deleterious effects result. The administration of 
hydrocarbons frequently results in the appearance of fluorescent 
substances in the liver (14) or bile (15, 16). Accordingly, it is 
suggested that dibenzanthracene may act by interfering with the 
firmness of combination between vitamin A and the unknown to 
which it is normally attached in the liver, presumably protein; or, 
in other words, that dibenzanthracene may alter the equilibrium 
between free and bound vitamin A in favor of the free form, which 
can then move away to tissues where it is more readily destroyed. 
Destruction of the mobilized vitamin seems probable, since only 
10 per cent of it reappears in the kidney. 

Effect of Alcohol on Vitamin A Storage—Of the various substances 
which have been reported to alter vitamin A storage, ethyl alcohol 
seems to resemble dibenzanthracene most closely in its effect on 
the vitamin. Alcohol has been reported to decrease the storage 
of vitamin A in the livers of guinea pigs (17), and to increase the 
vitamin A content of the blood in dogs (18) and in humans (19). 
Visual adaptation to dim light may also be improved by alcohol 
(20). Taken collectively, the results obtained in the various 
species indicate a shift of vitamin from the liver to the blood, viz., 
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an altered distribution of vitamin A. Accordingly it was of in- 
terest to study alcohol and dibenzanthracene under comparable 
conditions. 

Thirty-nine young rats were fed halibut liver oil until hepatic 
stores of 678 to 869 y were attained. They were then divided into 
three groups and fed the low vitamin A diet for from 7 to 14 weeks. 
Group | received no additional treatment, Group 2 received a 15 
per cent solution of alcohol in place of drinking water, while Group 
3 drank water but received 1 mg. of colloidal dibenzanthracene per 
week intraperitoneally. Alcohol invariably hastened the depletion 


TaB_e III 
Effect of Alcohol on Hepatic Vitamin A 


Hepatic storage after depletion on low 
vitamin A diet 





is » Initial Length 
Series No a . 2 a 
Pr. # 15 per cent alcohol 1 = — 
wil 7 per liver + per liver y per liver y per po wks. ae 
XI 678 478 263 (246-282) 183 8 
XII 783 650 286 (122-406) 233 8 
XVII 869 858 716 255 7 
- 869 685 306 128 9 
XX 734 >403 114 (19-231) 10 
= 734 403 53 (0-104) 14 
Average..... 778 595 290 <200 
No. of rats.. Ss 13 15 ll 


* 1,2,.5,6-Dibenzanthracene. 


of hepatic vitamin A, although only about one-half as effectively 
as dibenzanthracene (Table III). In contrast to the hydrocarbon, 
alcohol did not promote a detectable shift of vitamin A from the 
liver to the kidney. There was a slight but irregular increase of 
vitamin A in the combined non-hepatic organs of the rats fed 
alcohol, and some indication of an increase in the lung, but in gen- 
eral the amounts of vitamin present were too small for accurate 
measurement. Thus the effect of the alcohol was neither quanti- 
tatively nor qualitatively identical with that of dibenzanthracene. 

Effects of Miscellaneous Substances on Hepatic Vitamin A— 
Vitamin E, /-cystine, bromobenzene, and anthracene were each 
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studied as possible modifiers of the dibenzanthracene effect. In 
the first series fifteen young rats containing 783 y of vitamin A 
per liver were divided into five groups and fed various rations free 
of vitamin A. Group | was placed on our ordinary low vitamin A 
control ration (3) which contains vitamin E as 5 per cent cotton- 
seed oil. Group 2 was fed the control ration minus the cottonseed 
oil. This diet was free of vitamin E and incidentally also low in 
the essential fatty acids. Group 3 received a high vitamin E diet: 
25 mg. of a-tocopherol per kilo of control ration. Groups 4 and 5 
were fed the control and the high vitamin E diets respectively and 
in addition were injected intraperitoneally with 1 mg. of colloidal 
dibenzanthracene per week. After 8 weeks all animals were killed 
for analysis. 

Vitamin A depletion was somewhat more rapid in the complete 
absence of vitamin E than in its presence. On the low vitamin E 
diet 617 y of vitamin A remained per liver after 8 weeks as com- 
pared to 650 y on the diet containing cottonseed oil, thus essentially 
confirming Moore (21, 22). However, additional amounts of vita- 
min E did not further retard the depletion of vitamin A, nor did 
vitamin E counteract the effect of dibenzanthracene. Only 226 y 
of vitamin A remained in the livers of rats treated with dibenzan- 
thracene, whether excess vitamin E was present or not. In other 
words, the effect of the hydrocarbon was quantitatively much 
greater than that of vitamin E depletion. 

An effect of cystine on vitamin A storage was sought in an anal- 
ogous way. ‘The various diets fed and the results obtained are 
summarized in Table IV. In no case did cystine materially alter 
the effectiveness of the dibenzanthracene, unless possibly when it 
was added at a 0.5 per cent level to a diet containing 12 per cent of 
casein, and even in this particular group the injected animals con- 
tained relatively low amounts of vitamin A, 182 y as compared 
with the 381 and 478 y remaining in animals not treated with 
dibenzanthracene. Thus, although cystine nullifies the effect of 
hydrocarbon on the growth rate of young animals (23), it did not 
nullify the effect on hepatic vitamin A. Two substances which 
increase the cystine requirement of rats, bromobenzene (24) at 
0.2 per cent and anthracene (25)! at 0.1 per cent, likewise failed 
to alter the rate of vitamin A depletion. 


’ DeLeers, V. J., and Baumann, C. A., unpublished data, 
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Dietary Protein and Hepatic Vitamin A—In a previous series 
(Table IV) it was noted that the depletion of hepatic vitamin A 
was more rapid when the casein content of the diet was reduced 
from 18 to 12 per cent. The effect of protein level was therefore 
studied in some detail. Young rats containing 311 to 869 y of 
vitamin A were fed low vitamin A diets containing 8 or 10 per cent 
of casein for periods of 5 to9 weeks. Comparable animals received 
the standard low vitamin A diet containing 18 per cent of casein. 

The livers of rats fed the low protein diets almost invariably 
contained less vitamin A than the livers of animals fed the higher 
amounts of protein (Table V). The single exception (Table V, 


TaBLe IV 
Effect of Cystine and of Dibenzanthracene on Vitamin A Distribution 


Total 


Low vitamin DBA* | No. of aa Vitamin A per Vitamin A in non- —— 
A diets injected, rats peri- liver hepatic organs — 
ment paties 
wks. Y Y |per cent 
“Control” - 2 0 | 678 (651-704) | 
(18% casein) 
18% casein - 1 8 478 (341-564) 4 (Pooled) | 1 
12% “ — 3 8 381 (336-452) 8 (5-13) 2 
18% - + 4 s 183 (104-330) 43 (41-44) 19 
18% “ + + 4 Ss 149 (46-316) 36 (12-66) | 19 
0.5% cystine 
12% casein “+ 3 8 122 (34-216) 58 (29-72) 32 
i= CU C+ + 3 s 182 (171-216) 43 (13-58) 19 


0.5% eystine 


* 1,2,5,6-Dibenzanthracene. 


Series XII) was a group of rats which had been injected with 
dibenzanthracene, and apparently the rate of depletion of the 
vitamin in this group was already sufficiently rapid under the in- 
fluence of the hydrocarbon so that the low level of protein exerted 
no additional effect. 

Parallel experiments were performed on the formation of hepatic 
stores of vitamin A. Low vitamin A diets of high and low protein 
content were fed to young rats for 2 weeks, after which they were 
given 3 or 4 drops of halibut liver oil and killed for analysis 2 days 
later. The dietary alterations and the results are listed in Table 
VI. A preliminary feeding of diets containing 8 per cent of 











TABLE V 


Effect of Diets Low in Protein on Vitamin A Depletion 





| 


Length 


Series of ex- | DBA* hoe — 
- Lace owe “A diet ciated Low protein diet 
wks. per cent Y 
XI 8 - 12 3 381 (336-452) 
” 8 + 12 3 122 (34-216) 
XII 7-9 — 10 2 462 (444-484) 
“ 7-9 + 10 3 236 (164-369) 
XVI 5-6 _ 10 5 97 (18-142) 
= 5-6 + 10 4 2 (0-9) 
XVII 7 - 8 1 612 
- 9 = 8 3 665 (587-714) 
XX 8 S 2 440 (334-546) 
XXI 84 - 8 3 291 (134-328) 


* 1,2,.5,6-Dibenzanthracene. 


TaBLe VI 


Vitamin A per liver 


18 Per | 


aie Initial 
diet 

Y 7 
478 678 
183 | 678 
650 | 783 
233 783 
200 311 
19 | 311 
858 | 869 
685 | 869 
463 | 

379 


648 


Effect of Preliminary Low Protein Diets on Entry of Vitamin A into the Liver 


Series No Dietary wae di preliminary change in 
gm. 

XVIII 18% casein ad libitum 75-121 

on 8% . * - 73-102 

i: a. tae ™ 101-137 

‘“ 36% ‘c ‘6 sc 99-134 

- 8% pitta ss 97-121 

si 8% “+ 12% gelatin ad| 89- 95 
libitum 

XXII | 18% casein ad libitum 66- 79 

“ec 18% ce ai “ce t 55- 50 

“e 8% sé “ec ai 60- 70 

XXIII | 8% Peis ” 39- 66 

“ 18% “ce cc “ce 40-102 

rs 18% ‘“ restricted 38- 69 

” 8% «+ 12% gelatin ad 40- 62 
libitum 

XXVI 8% casein ad libitum 40- 70 

" 18% ‘ foodintake restricted) 38- 70 

33% 


* Low vitamin A diets fed for 2 weeks. 
+ Animals appeared visibly sick after 2 weeks. 
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| Vita- 
No. of Halibut) min A 
rats | oilfed | per 
liver 
drops | Y 

4 4 1021 
4 4 | 629 
> 2 1363 
3 | 4 | 1314 
3 4 636 
3 4 457 
2 3 696 
2 3 368 
4 3 430 
4 3 288 
4 3 383 
4 3 345 
4 3 220 
a 4 201 
4 4 268 
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casein reduced the subsequent storage of vitamin A by 40 to 50 
per cent, although the weights of the animals were only 15 to 20 
per cent under those fed 18 per cent of casein. In Series XXIII 
and XXVI, Table VI, the food intake of rats fed 18 per cent casein 
was so restricted that growth did not exceed that of animals fed 8 
per cent of casein ad libitum. The restricted animals on the higher 
percentage of casein invariably had the smaller livers, 3.3 gm. as 
compared to 3.9 gm. average; yet they developed larger stores of 
vitamin A. Apparently, therefore, low protein per se reduced 
vitamin A storage. However, storage was no greater on 36 per 
cent of casein than on 18 per cent, and the addition of 12 per cent 
of gelatin to 8 per cent of casein failed to increase vitamin A 
storage.” 


Comment 


The protein content of liver can be decreased by diets low in 
protein (26, 27), which may therefore interfere with the hepatic 
storage of vitamin A by lowering the liver component to which 
vitamin A is attached. The concept of a vitamin A protein has 
already been suggested in connection with the retina, where 
vitamin A apparently exists as a modified component of visual 
purple (28). Cytologists point out a close association of vitamin 
A with the nucleolus (29) and with the mitochondria (30-32). 
Since vitamin A storage does not appear to be directly associated 
with carcinogenesis (3, 33), it is suggested that the observed varia- 
tions in hepatic vitamin A, whether due to hydrocarbon, alcohol, 
or low protein, are indicative of a basic chemical alteration in some 
liver constituent other than the vitamin itself. It is even possible 
that vitamin A may become useful in the detection of intracellular 
changes too delicate for measurement by other means. 

The réle of the kidney in vitamin A metabolism is probably more 
important than has hitherto been supposed. In vitamin A defi- 
ciency in dogs urea clearance is well below normal (34). Vitamin 
A has been identified in the urine of dogs exposed to anesthetics 
(35) and in certain pathological human urines (36), particularly 
those involving renal and hepatic dysfunction (37). The hepatic 


2 Protocols of the experiments on the extent of the vitamin A shift to 
the kidney, on the effect of vitamin E, and on certain additional experi- 
ments with diets low in protein will be furnished on request. 
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storage of vitamin A is markedly subnormal in patients suffering 
from chronic nephritis (38, 39) and the levels of the vitamin in the 
blood are relatively high in these individuals (40, 41). During a 
fast, the proteins of the kidney are retained to a much greater de- 
gree than the proteins of the liver (42). This parallels the observa- 
tion that in the presence of dibenzanthracene the ability to hold 
vitamin A is retained to a much greater degree by the kidney than 
by the liver. 


SUMMARY 


1. The injection of dibenzanthracene reduced the amount of 
vitamin A in the livers of rats and increased the amount in the 
kidneys. Methylcholanthrene promoted a similar shift of vitamin 
A. In animals injected with dibenzanthracene as much as 50 per 
cent of the total body vitamin A was found in the kidneys, although 
the percentage never exceeded 5 per cent in uninjected animals. 
However, the increased vitamin in the kidney accounted for only 
about 10 per cent of that which had left the liver. 

2. The ingestion of 15 per cent alcohol, like the injection of 
dibenzanthracene, increased the rate of depletion of vitamin A 
from the liver, but to a lesser extent than did the hydrocarbon. 
Alcohol did not promote an increase in the vitamin content of the 
kidney. 

3. The effect of the dibenzanthracene was not counteracted by 
cystine, nor by diets high or low in vitamin E. Bromobenzene 
and anthracene fed at low levels failed to alter vitamin A storage. 

4. Diets low in protein reduced the storage of vitamin A in the 
liver and increased the rate at which stored vitamin A was depleted. 
The results are in harmony with the suggestion that the vitamin 
is held in the liver in the form of a protein complex. 
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Some years ago, one of us (1) discussed in some detail the prob- 
able mechanism of the reaction by which cystine is split by alkali, 
and the reasons why this splitting occurred so much more readily 
in peptide combination. 

The somewhat hypothetical system there considered suggests the 
possibility that serine and threonine may also show (in protein 
combination) a similar lability, probably equally enhanced from 
the greater inactivity which these acids show in the free state, but 
surely less than that of analogous cystine derivatives. With the 
aid of analytical methods which we have developed for serine (2) 
and threonine (3) it has become possible to test such a prediction, 
and we here report the results of this test (4). 

We find that serine and threonine are indeed subject to partial 
destruction when in protein combination, under conditions which do 
not measurably affect them in the free state, and that this destruction 
takes the form of the elimination of water, to form (in the case of 
serine) what is presumably a dehydroalanyl grouping in the pro- 
tein. In a subsequent paper we shall complete the proof by show- 
ing that the hypothesized dehydroalany] derivative can add sulfur 
compounds to form products which are demonstrably cystine 
derivatives. 

Standardization of Whole Silk—It was first necessary to establish 
the serine and threonine content of the whole silk used as a refer- 
ence. We were sufficiently fortunate to obtain a sample of Bombyx 
mori “hard” silk closely similar to that from which the sericin and 
fibroin which we analyzed (5) were prepared, together with the 
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information that it contained 18.5 per cent of sericin. It had been 
thoroughly extracted with alcohol and ether. This was dried for 
1 hour at 105° in a vacuum oven before use. 

There was a possibility that the analyses previously reported 
(5) for sericin might represent a mixture of substances which did 
not in themselves accurately represent the original sericin of the 
silk. But the sericin in the fat-free whole silk can scarcely have 
undergone much alteration. Table I shows the results obtained 
on the whole silk, compared with those (assuming 18.5 per cent 
sericin) calculated from our previously reported (5) results. The 
agreement is sufficiently good to offer substantial confirmation of 
our earlier values.’ 


TaBLe I 
Comparison of Serine and Threonine in Whole Silk with Results Previously 
Reported (5) for Fibroin and Sericin 
The results are expressed in milliequivalents per gm. This unit is 
preferable to ‘serine equivalents’’ used in previous papers. 








Fibroin Sericin Whole silk 

| found found . 

Found Calculated 
Threonine..... ;. | 0.129 | 0.85 | 0.236 | 0.262 
Serine..... 1.291 3.22 1.556 1.650 
Total hydroxyamino acids... 1.414 4.17 1.935 1.926 


Lability of Standard Silk—In all the experiments described, the 
protein was refluxed for 1 hour in an atmosphere of nitrogen with 
0.1 N sodium hydroxide, and subsequently hydrolyzed for 20 hours 
with constant boiling hydrochloric acid. In Run A in Table II, 
the volume of alkali was insufficient, but the results are worth re- 
cording. In the Runs B and C, the volume of alkali was larger, 
and the ratio of alkali volume to weight of silk was such as to make 
these essentially duplicates, except for the time of heating. 

Having established the expected lability at least qualitatively, 
it occurred to us that there was a necessary consequence. If it 
were true that the reactions discussed yield eventually peptides 
of dehydroamino acids, it should follow that these, on acid hy- 

1 We wish to thank Dr. Milton Harris, of the Textile Foundation, Na- 


tional Bureau of Standards, for the silk, the sericin determination, and the 
suggestion. 
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drolysis, should yield ammonia, and that this should appear as an 
addition to the ‘amide ammonia.”’ The data in Table III indicate 
that this is the case. 





—NH —NH —NH 
NaOH | —~NaOH 
HC—CH,OH — C—CHOH ERAT C—CH, 
! | 
—C=0 —C—O- + Nat —C—O: 
(A) (B) (C) 
—NH —NH, (E) 
| 
cone ont ro? ——— 0=C—CH; 
(D) (F) 


It will be seen that the additional ammonia liberated on acid 
hydrolysis after treatment with alkali accounts for more than 91 


TaBLe II 
Effect of Alkali on Hydroxyamino Acids of Whole Silk 
The results are expressed in milliequivalents per gm. 








Run Total > Threonine Serine 
Original 1.94 0.236 1.556 

A 1.56 (20) 0.164 (30) 1.340 (14) 

B 1.26 (35) 0.120 (49) 1.116 (28) 

C 1.25 (35) | 0.124 (47) | 1.048 (33) 





Run A, 2.37 gm. of silk with 34 cc. of 0.1 N NaOH. Run B, 2.00 gm. of 
silk with 60 cc. of 0.1 N NaOH; refluxed 2 hours. Run C, same as Run B, 
but refluxed 1 hour. 

The figures in parentheses represent the percentage decrease from the 
original values. 


per cent of the loss of serine and threonine. We are inclined to 
interpret these results as an approximate proof for the dehydro 
structure of the intermediate products in the indicated reaction. 

Assuming the reaction of (for instance) serine in peptide form 
to resemble that of cystine, it may be formulated as indicated in 
the equations shown. Some suitable region of the protein mole- 
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cule A undergoes, in the alkaline solution, enolization to B. We 
should reach the same result whether we spoke of vinylogy or of 
1,4-elimination. The fact remains that B contains an anion 
which can discharge itself by the loss of hydroxyl ion from the 
8-carbon atom. The product C can stabilize itself, relatively, as 
D, but numerous resonance possibilities supervene, and the reac- 
tions are all more or less readily reversible. 

D eventually probably splits to give an acid amide, F, which 
will contribute additional ammonia to the “amide ammonia” 
when hydrolyzed, and a pyruvyl derivative of some peptide frag- 
ment. We have at present no way of knowing much about the 
stability of D. We do, however, have reason to know that it 
should at least be considerably more stable than its simplest rela- 


TaBLeE III 


Balance Sheet for Hydrolyzable Ammonia in Whole Silk 
The results are expressed in milliequivalents per gm. 











Threonine Serine ' Ammonia 
Original..... tt eke ARLE 0.236 1.556 0.511 
Treated....... eee , 0.124 1.048 1.077 
Change.. | ~0.112 ~0.508 0.566" 


0.566 — 0.620 = —0.054 


* Additional ammonia liberated on acid hydrolysis. 


tive, aminoacrylic acid. And its persistence, at least for a moder- 
ate length of time, is strongly indicated by the addition reactions 
to be reported elsewhere. 

The end-products of the series of reactions given are entirely 
consistent with the demonstrated reactions of cystine and of serine, 
when these are not combined. The enormously increased rate of 
both of these reactions, as compared to those of the free amino 
acids with alkali, strongly implies a kindred mode of activation. 
The fact that the expected “additional ammonia” is nearly quanti- 
tatively developed seems to us a confirmation of the course sug- 
gested for these reactions, and also for our previous speculations 
(1) on cystine derivatives, for it is a direct consequence of the 
interpretation we have developed on quite other grounds, and 
it does not appear to be called for by most other explanations. 
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SUMMARY 


1. We have demonstrated a reaction by which serine and 
threonine, when in protein combination, are destroyed in alkaline 
solution at a rate which is disproportionately greater than any cor- 
responding effect on free serine or threonine. 

2. This reaction has been interpreted in some detail, along the 
lines previously discussed for cystine. 

3. The liberation of ‘‘additional ammonia,” beyond that usually 
described as ‘‘amide ammonia” in the direct hydrolysis, has been 
shown to be quantitatively correlated with the destruction of 
hydroxyamino acids. 

4. We believe that the reaction in question involves (e.g., for 
serine) the formation of dehydroalany] units in the not too greatly 
decomposed protein molecule. 

5. We expect to offer evidence in a subsequent paper that only 
such an assumption would explain the results obtained. 
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With the isolation of biotin from a vitamin H liver concentrate 
(1) other sources were investigated for the preparation of biotin on 
a larger scale. One of the most suitable starting materials was 
found to be a biotin concentrate prepared by the 8. M. A. Corpora- 
tion from milk.’ In this paper we wish to describe the procedure 
which was found satisfactory for the isolation of pure biotin from 
this material. 

The milk concentrates which we obtained contained 1 to 2 mg. 
of biotin per gm. of solids. For further purification the biotin 
concentrates were treated with acidic methanol and the biotin 
methyl ester so obtained was subjected to chromatographic ad- 
sorption procedures, first Decalso and then activated alumina 
being used as the adsorbent. The crude crystalline biotin methyl 
ester which was obtained from the eluates of the activated alumina 
was purified by washing with ethyl acetate, by sublimation in 
vacuo, and by crystallization from a mixture of methanol and ether. 
Pure crystalline biotin was obtained from the methyl ester by 
saponification with dilute alkali and acidification of the saponifica- 
tion mixture with HCl. 

Based on the biotin concentrates used as the source material, 
a 500- to 1000-fold purification of biotin was accomplished with a 
yield of over 25 per cent. This yield was raised to 35 or 40 per 


‘We wish to thank Mr. W. O. Frohring of the S. M. A. Corporation, 
who first suggested this material as a source of biotin and for a research 
grant which has aided greatly in this work. We also wish to express our 
appreciation to the Research Laboratories of the 8. M. A. Corporation 
for placing at our disposal large quantities of biotin concentrates. 
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cent by purification of the various side fractions obtained from 
the esterification and adsorption steps. 


EXPERIMENTAL 


The biotin contents of the various fractions obtained during the 
isolation procedure were determined by the yeast growth method 
(1, 2), with pure biotin as a standard. 

Esterification of Crude Biotin Concentrate—An aqueous solution 
of 105 gm. of biotin concentrate which contained 85 mg. of biotin 
(0.08 per cent purity) was concentrated to a syrup in vacuo and the 
residue was dissolved in 250 cc. of methanol. The insoluble ma- 
terial was removed by filtration and the filtrate was concentrated 
to a thick syrup in vacuo. The concentration with methanol was 
repeated to remove the last traces of water. The residue was 
dissolved in 500 cc. of absolute methanol and 40 gm. of dry HCl 
gas were passed into the solution which was then refluxed gently 
for lhour. The esterification mixture was concentrated to a thin 
syrup in vacuo, and to the residue were added 200 cc. of water and 
enough solid NaHCOs, with shaking, to make the solution alkaline 
to litmus. The alkaline solution was extracted five times with 
200 ce. portions of ethyl acetate. The combined ethyl acetate 
extracts were dried over Na,SQ,, filtered, and concentrated in 
vacuo to remove the ethyl acetate. The residue weighed 45 gm. 
and contained 67 mg. of biotin (0.15 per cent purity). The yield 
of biotin methy] ester in this step was 79 per cent. This was raised 
to approximately 90 per cent by reesterification and extraction of 
the water residue. 

Decalso Adsorption of Biotin Methyl Ester—55 gm. of material 
from the esterification procedure, containing 81 mg. of biotin 
methyl ester, were dissolved in 400 cc. of chloroform and this solu- 
tion was passed through an adsorption column packed with 250 
gm. of 60 to 100 mesh Decalso in chloroform. The column was 
then washed in succession with 3600 cc. of chloroform and 1200 ec. 
of a solution of 5 per cent methanol in acetone. The methanol- 
acetone eluate, which contained 66 mg. of biotin methyl ester and 
10.7 gm. of solids (0.62 per cent biotin), was concentrated in vacuo 
to remove the solvents and the residue was dissolved in 500 cc. of 
acetone for purification in the next step. 

Alumina Adsorption of Biotin Methyl Ester—The acetone solu- 
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tion of the biotin ester was passed through a column prepared from 
220 gm. of activated alumina (Alorco Grade A, 120 to 150 mesh) 
inacetone. The column was then washed in succession with 2300 
cc. of acetone, 900 cc. of a solution of 10 per cent methanol in 
acetone, 350 cc. of methanol, and 400 cc. of a solution of 20 per 
cent concentrated NH,OH in methanol. The first 500 ce. of the 
methanol-acetone eluate were collected in separate 50 cc. portions. 
The distribution of biotin methyl ester in the various fractions is 
shown in Table I. 


TABLE I 
Distribution of Biotin Methyl Ester in Alumina Chromatograph 





Fraction No Solvent Weight Biotin 

ce. mg. mg. | per cent 
634-1 Acetone 2300 3000 0.03 | 0.001 
634-11 Methanol-acetone 50 327 0.066 | 0.02 
634-111 2 50 227 6.30 2.8 
634-1V 53 50 140 | 14.80 | 10.5 
634-V - 50 8l | 15.10 | 18.6 
634-V I ee 50 65 | 10.00 | 15.4 
634-VII sry 50 52 6.35 | 12.2 
634-VIII - 50 53 3.50 6.6 
634-IX a 50 48 2.00 4.2 
634-X * 50 43 0.50 1.2 
634-X I ” 50 41 0.30 0.70 
634-X I] o 400 363 | 2.05 0.56 
634-XIII | Methanol 350 1210 1.33 0.11 
634-XIV | NH,OH-methanol 400 3500 | 4.15 0.12 
ee a pinkis ton rire 66.47 





Each of the methanol-acetone fractions was concentrated in 
vacuo to remove the solvent. Crystals of biotin methyl ester 
appeared in Fractions 634-V and 634-VI when 1 or 2 drops of 
methanol were added to the residues. Biotin methyl] ester crystal- 
lized from Fractions 634-IV and 634-VII when the residues were 
seeded with crystalline ester. Fractions containing less than 10 
per cent biotin did not crystallize. The semicrystalline residues 
were allowed to stand for several hours, during which time more 
biotin methyl ester crystallized. 

Purification of Crystalline Chromatograph Fractions—Semi- 
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crystalline residues containing a total of 118 mg. of biotin methy] 
ester were washed with 1 cc. portions of ethyl acetate until the 
washings were colorless. Almost all the colored material which 
was present was removed by this procedure. The insoluble 
crystalline biotin methyl ester, 82 mg. melting at 163-164°, was 
further purified by sublimation at 150—-160° and 10-* mm. pressure. 
The sublimate, weighing 81 mg., was dissolved in the minimum 
amount of hot methanol and 10 volumes of peroxide-free ether 
were added in portions to the solution. Biotin methyl ester sep- 
arated from the solution in long thin needles. The solvent was 
removed and the crystals were washed with ether-methanol and 
then with ether. The yield of pure biotin methyl ester was 70 
mg., micro melting point 166-167° (uncorrected). Additional 
amounts of the ester were obtained by concentration of the mother 
liquors. 

Preparation of Free Biotin—Free biotin was prepared from the 
ester as previously described (3). 85 mg. of pure biotin methyl 
ester were dissolved in 5 cc. of 1 N NaOH by warming. The clear 
solution was concentrated in vacuo to approximately 2 cc. and 
made acid to Congo red with dilute HCl. Free biotin crystallized 
from the solution. The crystals were washed with cold water and 
dried in vacuo. The yield of free biotin, micro melting point 230- 
232° (uncorrected), was 80 mg. 


The authors wish to express their appreciation to Mr. Joseph 
Karabinos and Mr. Karl Dittmer of this laboratory for aid in 
carrying out many of the isolation steps. 


SUMMARY 


A method for the isolation of pure crystalline biotin from a milk 
concentrate has been described. The yield of biotin is 25 to 40 
per cent. The method is suitable for the preparation of relatively 
large amounts of pure biotin. 


BIBLIOGRAPHY 


1. du Vigneaud, V., Hofmann, K., Melville, D. B., and Gyérgy, P., J. Biol. 
Chem., 140, 643 (1941). 

2. Snell, E. E., Eakin, R. E., and Williams, R. J., J. Am. Chem. Soc., 63, 
175 (1940). 

3. du Vigneaud, V., Hofmann, K., Melville, D. B., and Rachele, J. R., 
J. Biol. Chem., 140, 763 (1941). 
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(From the Department of Pharmacology, Queen’s University, Kingston, 
Canada) 


(Received for publication, August 8, 1941) 


Blood iodine has been frequently separated into alcohol-soluble 
and alcohol-insoluble fractions. There is lack of agreement con- 
cerning the physiological significance of these fractions. There is 
even lack of agreement concerning how much blood iodine is 
alcohol-soluble and how much is alcohol-insoluble. Some have 
found that practically no blood iodine is soluble in alcohol, others 
that practically all blood iodine is soluble in alcohol, while the 
majority of investigators have reported an intermediate distribu- 
tion. This chaotic state of affairs has been amply discussed in 
recent monographs such as those of Elmer (1) and Salter (3). In 
the present investigation, two factors were found to affect the 
solubility of blood iodine in alcohol, namely heat and hydrolysis, 
and it is suggested that variation in the degree of influence of these 
factors may account for at least part of the discrepancies of pub- 
lished reports. 

Oxalated blood of eight cattle was obtained from the slaughter- 
house and its total iodine estimated by Perkin’s (2) method, which 
had been previously found to yield a 90 per cent recovery of iodine 
added in amounts of from 0.13 to 1.3 y, with decreasing recovery of 
lesser amounts; 0.03 y was the smallest amount which could be 
detected. The average total blood iodine on duplicate analyses 
of each sample was 4.16 + 1.6 (mean + standard deviation) 
y per 100 ml. of whole blood (Table I). Quadruplicate samples of 
25 ml. of blood from each of the eight cattle were repeatedly 
extracted with alcohol at room temperature until two successive 
extracts were found iodine-free. The total amount of iodine dis- 
solved by this ‘‘cold’”’ alcoholic extraction (Extract A) averaged 
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1.88 + 0.44 y per cent and the average amount left in the residues 
(Residue A) was 2.04 + 0.64 y percent. These figures correspond 
to those of the majority of previous reports. 

Another set of duplicate Residues A was prepared in a similar 
manner and at the same time as the above. It was extracted with 
hot alcohol in a Soxhlet apparatus until two successive 24 hour 
extracts were iodine-free. The total amount of iodine extracted 
with this hot alcohol (Extract B) was 1.36 + 0.56 y per cent and 
the mean iodine content of the Soxhlet residues (Residue B) was 
0.64 + 0.40 y per cent. The two methods of extraction, “cold” 
and hot alcohol, removed a mean of 78 per cent of the original 
total blood iodine, which again corresponds to the values reported 


TaBLe I 
Alcoholic Extraction of Iodine from Cattle Blood 
) | Per 
Iodine content | cent 








me! Fractionation procedure | Fraction (mean 2 ene | ] 
| iodine 
¥ per 100 ml. 
whole blood 
Whole blood | None None 4.16 + 1.6 | 100 
ee oe Cold aleohol Extract A | 1.88 + 0.44! 465 
- si = " Residue “* | 2.04 + 0.64) 49 
Residue A Hot os Extract B | 1.36 + 0.56) 33 
* - 6s nie Residue “* | 0.64 + 0.40) 15 
on - Dry heat + cold aleohol Extract C | 0.88 + 0.64 21 
= " ” ee sa Residue “ 1.52+41.12 37 


by most previous investigators, but it is upon this percentage 
that there is the most lack of agreement, some finding that all 
blood iodine can be so extracted. 

Those who have shown that hot alcoholic extraction removes 
more iodine from blood than cold alcoholic extraction usually 
explain that this is due to a greater penetrating and solvent power 
of the hot alcohol. It seemed possible to us that heat itself might 
alter some of the cold alcohol-insoluble compounds of iodine in 
such a way as to make them soluble in alcohol. There might be 
two fractions of blood iodine, one immediately soluble in cold 
alcohol and another made soluble in cold alcohol after the applica- 
tion of dry heat. Since heat affects proteins, it might alter an 
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iodine fraction or fractions associated with proteins, either physi- 
eally or chemically. 

Quadruplicate Residues A of each of the eight samples of cattle 
blood were heated in an oven at 78°. At the end of each succeeding 
period of 24 hours, the residues were removed from the oven, 
cooled to room temperature, triturated, and extracted with alcohol 
at room temperature until no further iodine was extracted. At 
the end of the 4th day, the iodine content of the residues (Residues 
C) was estimated. 

Dry heat made soluble in cold alcohol (Extract C) some of the 
iodine of Residue A which was originally insoluble in cold alcohol. 
Most of the iodine of Extract C dissolved after 1 day’s heating 
(average 59 per cent), lesser amounts after 2 days (average 27 
per cent) and 3 days (average 14 per cent), and no more on the 4th 
day. The average total amount of iodine of Extract C was 
0.88 + 0.64 y per cent. Owing to the large variation consequent 
upon the small amounts of iodine being determined and the sum- 
mation of manipulative errors, the quantitative significance of 
these figures is not great but the results do indicate that heat 
itself is a factor which affects the solubility of blood iodine in 
alcohol and which probably affects the amount of iodine extracted 
with hot alcohol in a Soxhlet apparatus. The iodine content of 
Residue C was 1.52 + 1.12 y per cent. 

Quadruplicate Residues C were prepared from 25 ml. samples of 
dog blood and subjected to an additional 48 hours heating at 120° 
but no more iodine could be made soluble in cold alcohol and the 
final residues contained no less iodine than those heated at 78° 
for 4 days. 

Quadruplicate Residues B were then prepared in a similar 
manner from each of two new samples of cattle blood. Their 
average iodine content was 0.97 y per cent. Half of them was 
hydrolyzed by heating with 100 ml. of 95 per cent alcohol and 5 
ml. of a saturated solution of sodium hydroxide in distilled water 
on a steam bath until dry. They were then cooled, triturated, 
and extracted with cold alcohol. No detectable iodine was found 
in the residue after hydrolysis and all of the original iodine of 
whole blood could be accounted for, within the limits of error of 
the method, in the various alcoholic extracts. In no residue was 
any iodine found after alkaline, alcoholic hydrolysis. These 
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results indicate that hydrolysis is also a factor which affects the 
solubility of blood iodine in alcohol and which also might be 
responsible for varying degrees of extraction of iodine in a Soxhlet 
apparatus. 


SUMMARY 


It was found that that fraction of blood iodine which is insoluble 
in cold alcohol can be made partially soluble in cold alcohol 
(z.e. alcohol at room temperature) by the application of dry heat 
to the residue and completely soluble in cold alcohol after the 
application of heat and alcoholic sodium hydroxide to the residue. 
It is suggested that varying degrees of influence of heat and hy- 
drolysis may account at least in part for the discrepancies in 
reported values of hot alcohol-soluble iodine of blood. 
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STUDIES ON THE URINARY EXCRETION OF PANTO- 
THENIC ACID 


By ROBERT H. SILBER anp KLAUS UNNA 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, November 25, 1941) 


In connection with studies on the toxicology and pharmacody- 
namic action of pantothenic acid (1), its absorption and excretion 
were investigated by a microbiological assay with Lactobacillus 
casei as the test organism. Simultaneous determinations of ribo- 
flavin were also made, again with Lactobacillus casei. The ex- 
periments were performed on dogs with bladder fistula which re- 
ceived crystalline dextrorotatory calcium pantothenate, either 
orally or intravenously. Blood and urine samples were taken at 
frequent intervals for the determination of both pantothenic acid 
and riboflavin, and each experiment was performed in duplicate. 

The dogs were maintained on a diet of Purina dog chow. After 
overnight fasting, the dogs received 200 ml. of water by stomach 
tube 3 hours before the experiment. Simultaneously with the ad- 
ministration of the vitamin a second dose of 250 ml. of water was 
given orally in order to obtain sufficient quantities of urine at fre- 
quent intervals. Blood samples were taken from the veins of the 
front or hind legs at 5 to 20 minute intervals throughout the 2 
hour duration of the experiments. The urine samples were col- 
lected in dark bottles under a layer of toluene and kept in the 
refrigerator; all samples were acid (pH 6.0 to 6.7). Whole blood 
samples were laked (1 ml. in 19 ml. of water) and preserved in 
the same manner. 


Assay Method 


The method used for the pantothenic acid assays was essentially 
that of Snell and Strong for riboflavin (2) with the exception that 
the yeast extract supplement was replaced with thiamine (10 
y per tube), pyridoxine (10 y), nicotinic acid (10 y), and riboflavin 
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(1 y). Assays with this medium agreed within the experimental 
error with similar assays in which yeast extract supplement was 
used. 

In order to minimize any inhibiting effects of urine and laked 
blood, the samples were assayed in portions as small as possible. 
Less than | ml. of undiluted dog urine per tube gave satisfactory 
results with or without added calcium pantothenate. However, 
with blood the assays were inconsistent even when less than 0.1 
ml. of whole blood was used. Therefore the normal blood figures 
do not represent absolute values; those after dosing are more nearly 
absolute, since the dilutions necessary for assay of these bloods 
minimize the effects of interfering substances. In the assay of 
normal blood it was found necessary to add 0.025 to 0.075 y of 
‘alcium pantothenate to each tube in order to make possible read- 
ings on the reliable portion of the standard curve. The mass of 
blood proteins which precipitated during autoclaving was broken 
into small pieces by vigorous shaking before inoculation and twice 
every 24 hours thereafter. After 40 to 72 hours incubation the 
tubes were simultaneously cooled in an ice water bath before titra- 
tion with 0.1 N alkali; phenolphthalein was used as indicator. 
Stanbery et al. (3) used a similar procedure for the assay of human 
blood. 

Riboflavin assays were performed exactly as were those for 
pantothenic acid except that the riboflavin supplement of | y per 
tube was replaced by 1 y of calcium pantothenate. 


EXPERIMENTAL 

Table I presents data on the excretion of pantothenic acid and 
riboflavin in control experiments in which only water was given. 
The onset of diuresis had a diluting effect on the content of both 
vitamins in the urine, but the amount of each vitamin excreted per ° 
unit time remained fairly constant. The total amount of panto- 
thenic acid excreted in four such experiments averaged 7.5 y for 
the 2 hours. The actual figures were 7.3, 8.3, 7.7, and 6.6 y of 
pantothenic acid. For riboflavin the figures were 11.9, 10.0, 3.8, 
and 11.0 y with an average of 9.2 y in 2 hours. 

Data on the excretion of pantothenic acid after oral and intra- 
venous administration of 1 or 4 mg. per kilo of body weight re- 
spectively are given in Table II. No significant increase in the 











TABLE I 
Pantothenic Acid and Riboflavin in Urine 
The dogs (Nos. 101 and 90) received 250 ml. of water at 0 minute. 












































; : 
Vale oe Pantothenic acid | Riboflavin 
Time as i— 
Dog | Dog | Dog | Dog | Dog | Dog | z | Dog | Dog | Dog 
101 | 90 it | 90 10 9 | 101 90 101 90 
<< — |——_—— a= fe | ne (es ae 
, 
min fot | mw. |r | ze |e) eel Ta |e || ee 
—20- 0 15.0 16.0 0.13 0.4 | 2.0 6.4 | 0.09 | 0.03 1.4| 0.5 
O- 20 16.5 | 4.5 0.07 | 0.24 | 1.2 1.1 | 0.12 | 0.17 2.0; 0.8 
20- 40 26.0 18.5 0.05 0.08 | 1.3 | 1.5 | 0.07 | 0.12 1.8| 2.2 
40- 60 47.5 |17.5 10.05 | 0.09 | 2.4 1.6 | 0.05 | 0.10 2.4 1.8 
60- 80 (38.5 |32.0 0.015 0.04 0.6 | 1.3 | 0.05 | 0.09 1.9 2.9 
80-100 35.0 |16.5 0.04 0.03 1.4 0.5 | 0.06} 0.08; 2.1 1.3 
100-120 |17.0 29.0 |0.025 0.02. 0.4 0.6 | 0.1 0.07 | 1.7 2.0 
Excreted in 2 hrs., y........ 7.3 6.6 11.9 | 11.0 
“cc “é 2 if; (dupli- } 
cate experiments), y....... 8.3 | 7.7 | 10.0 | 3.8 
TABLE II 


Urinary Excretion of Pantothenic Acid per 20 Minutes Following Oral and 
Intravenous Administration of 1 Mg. and 4 Mg. of Calcium 
Pantothenate Respectively per Kilo 
The dogs (No. 101, 14 kilos and No. 90, 10 kilos) received 250 ml. of water 


orally at 0 minute. 


Time 


| 


~ 
—_ 


FSP CSE 
SBSELo 


80-100 
100-120 


Excreted in 2 
hrs., mg. 

% of dose ex- 
creted in 2 hrs... 

Riboflavin ex- 
creted in 2 hrs., 


1 mg. orally 


Y 


Wm Ae © 
SCHWONIWe Oe YL 


i nNN KK S| CO SO 


0.03 0.009 


Negligible 


6.8 








Dog 101 


4 mg. 


y 
0.7 
2.0 
4.6 


17.0 
240.0 
150.0 

95.0 


0.5 


0.9 


6.3 





orally 


¥ 
0.4 
0.6 
15.2 
380.0 
780.0 
870.0 
720.0 


2.8 


5.0 


6.7 


y 
1.4 
3710.0 
640.0 
43.0 


31.4 





5.9 


> 1 mg. 
intravenously 





¥ 
0.3 
1050.0 
1140.0 
10.4 


~~ 
a> © =I 


2.2 


22.0 





4.4 


Dog 101 | Dog 90 
4 mg. 
intravenously 
7 7 

2.3) 2.1 
16,000 .0/6640.0 
12,010.0/5380.0 
2,920 .0/2930.0 
960.0} 700.0 
200.0} 190.0 
50.0} 370.0 


32.1) 16.2 


57.3) 40.5 





6.6) 3.6 
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excretion of the vitamin was found after oral administration of 1 
mg. per kilo and no rise in the blood level was observed. How- 
ever, after 4 mg. per kilo orally there was a transient rise in the 
blood level 20 minutes after ingestion of the vitamin. 10 minutes 
later the blood content returned to its previous level, and the 
urinary excretion increased gradually to a maximum during the 
60 to 100 minute period. 1 to 5 per cent of the orally administered 
vitamin was found in the urine. 


TaB.e Ill 
Pantothenic Acid and Riboflavin in Blood and Urine after Intravenous 
Administration of 4 Mg. per Kilo of Calcium Pantothenate or 
Sodium Riboflavinate 


Dog 101, female, 14 kilos, received 250 ml. of water orally at 0 minute. 











Calcium pantothenate Sodium riboflavinate 
Time | Pantothenic Ribo@avin Pantothenic Riboflavin 
acid | | acid 
Urine | Blood | Urine Blood | Urine Blood | Urine Blood 
— 
min 7 per | Y per Y per ¥Y per 7 per | ¥Y per ¥ per 7 per 
20 min. ml. |80 min. ml. |20 min.| mil. 20 min ml 
0 2.3] 2.2 |2.4 1.1 8.1 | 1.0 0.9 1.2 
5 26.0 0.9 1.1 11.0 
10 16.0 0.9 1.0 6.0 
20 16,000.0) 9.0 (1.1 1.0 0.9 | 2000 .0 5.4 
40 12,010.0| 4.4 0.9 1.0 |2.2 1.0 | 8610.0 | 2.5 
60 | 2,920.0) 3.4 i! 3 1.0 {1.6 0.9 6000 .0 2.1 
SO 960.0) 3.1 1.5 1.1 |1.4 0.8 | 3540.0 1.7 
100 | 200.0} 2.6 10.9 1.1 |1.0 1.2 | 950.0] 1.7 
120 | $0.0) 2.3 0.90 | 1.1 11.0 | 680.0} 1.6 
Execreted in 2 | 
hrs., mg. | 32.1 0.007 (0.007 | 21.8 














After intravenous injection the amount of the vitamin in the 
urine was markedly higher. After 1 mg. per kilo intravenously 
22 to 31 per cent was excreted and after 4 mg. per kilo 41 to 57 per 
cent. Since in all four experiments the peak in the excretion was 
passed before the end of the 2 hour period, the totals represent 
fairly close approximations of the fraction of each dose excreted. 

No significant influence of the administration of calcium panto- 
thenate on either the blood level or urinary excretion of riboflavin 
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was revealed in these experiments. The 2 hour excretion of ribo- 
flavin (bottom, Table II) remained essentially the same as in the 
controls (Table I). 

In Table III reciprocal experiments with intravenous adminis- 
tration of 4 mg. of calcium pantothenate per kilo and 4 mg. of 
sodium riboflavinate respectively are compared. In both experi- 
ments a striking increase in the blood level of the injected vitamin 
was induced with gradual return to approximately normal levels 
within 2 hours. A large fraction of the administered vitamin 
was excreted in each case (riboflavin 39 per cent, pantothenic acid 
57 per cent). In duplicate experiments with Dog 90 similar 
results were obtained with 48 per cent of the riboflavin and 41 per 
cent of the pantothenic acid found in the urine. The administra- 
tion of either vitamin did not significantly affect the blood levels or 
urinary excretion of the other. 

DISCUSSION 

Axelrod, Spies, and Elvehjem (4), in a study of human riboflavin 
excretion, administered 200 y per kilo of body weight intravenously 
to three subjects and found 30 to 40 per cent in the urine in the 
ist hour. This is in agreement with our results after a dose of 
4 mg. of riboflavin per kilo of body weight in dogs. With panto- 
thenic acid, comparable excretion was observed after the intra- 
venous administration of 1 or 4 mg. of calcium pantothenate per 
kilo. 

After oral administration of calcium pantothenate (1 or 4 mg. 
per kilo, Table IT) 0 to 5 per cent was excreted in the urine and 
when the same doses were given intravenously, 22 to 31 per cent of 
the smaller dose and 41 to 57 per cent of the larger were excreted. 
These results are in direct contrast with results obtained in a 
similar investigation of the excretion of pyridoxine by the dog (5). 
After doses of 25 to 500 mg. of pyridoxine per dog, about 20 per 
cent of the dose was consistently found in the urine regardless of 
the method of administration. 

Spies and coworkers (6) have reported that intravenous injec- 
tions of 100 mg. of pantothenic acid cause a temporary rise of 20 
to 30 per cent in the riboflavin concentration in the blood of normal 
persons and that similarly the injection of riboflavin produces a 
rise of 45 per cent in the pantothenic acid level of the blood. In 
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our experiment on dogs we did not obtain evidence for such an 
interaction of riboflavin and pantothenic acid. 


SUMMARY 


1. The 2 hour excretion of riboflavin and pantothenic acid 
during diuresis in two dogs with bladder fistula averaged 7.5 y 
of pantothenic acid and 9.2 y of riboflavin. 

2. After an oral dose of 1 mg. of calcium pantothenate per kilo 
of body weight no significant fraction of the dose was excreted in 
2hours. When the dose was increased to 4 mg. per kilo, however, 
a distinct rise in the urinary pantothenic acid was observed with a 
peak at 60 to 100 minutes and with a 2 hour excretion of 0.9 to 5.0 
per cent. 

3. When 1 mg. of calcium pantothenate per kilo was injected 
intravenously, 22 to 31 per cent of the dose was found in the urine 
with a peak in the excretion within 40 minutes. After 4 mg. per 
kilo intravenously 41 to 57 per cent was excreted in the urine with a 
peak within 20 minutes. 

4. The blood level of pantothenic acid rose markedly after the 
intravenous administration of 4 mg. per kilo but rapidly returned 
to normal in 2 hours. 

5. No effect of the administration of calcium pantothenate on 
the blood or urine levels of riboflavin was observed. Similarly, 
after administration of 4 mg. of sodium riboflavinate per kilo in- 
travenously, the pantothenic acid content of the blood and urine 
showed no significant changes. 
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(Received for publication, November 19, 1941) 


The curious fact that the choline content of the livers of rats is 
essentially constant, irrespective of whether this substance is sup- 
plied in the diet or not, or whether fatty liver is present or not, has 
been noted by several observers (1-3). To explain this anomaly it 
is necessary to suppose that in animals on choline-low diets either 
the catabolism of choline is restricted or choline is synthesized by 
the animal in a quantity sufficient to maintain its normal content. 
An indication of the extent of choline synthesis in growing rats on 
choline-free diets has recently been given by Jacobi, Baumann, 
and Meek (3). 

The fragments from which the rat synthesizes choline are now 
all identified. Du Vigneaud et al. (4) have shown that the methyl 
group of methionine is transferred intact, and the present writer 
(5) has shown that ethanolamine is the substrate that is methy- 
lated. An insufficiency of ethanolamine appears unlikely in view 
of the demonstrated ability of animals to make this compound by 
the reduction of glycine (5) or possibly by the decarboxylation of 
serine (6). As du Vigneaud and his collaborators have proved 
that it is indeed deficiency of available methyl groups in the diet 
that is involved in the syndrome of fatty liver (4), it was decided to 
investigate the effect of diets rich and poor in methyl groups upon 
the quantity of choline that rats could prepare by the methylation 
of isotopically labeled ethanolamine. 

To this end two groups of three adult male rats were placed on a 


* This work was carried out with the aid of a grant from the Josiah Macy, 
Jr., Foundation. 
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low protein, high carbohydrate diet, poor in methionine. To 
Group I additional guanidoacetic acid and normal ethanolamine 
hydrochloride were fed in the hope of depleting the body reserves 
of available methyl groups (7, 8, 4, 5). To Group II betaine hy- 
drochloride was fed to serve as a source of available methyl groups 
(5, 9, 10). After a week ethanolamine hydrochloride containing 


TABLE I 
Ratios of Isotope Content 
Three adult male rats, in each experiment, on the same low protein basal 
diet, were given the dietary supplements in the quantities and for the 
periods indicated. The isotope content of the various substances isolated 
was computed on the basis of 100 atom per cent in the isotopic ethanolamine 
hydrochloride fed. 


Dietary supplement Group I Group II 


mM per rat |'mM per rat 


per day per day 
Preliminary 7 days Ethanolamine HCl 1.5 
Guanidoacetic acid 0.2 
Betaine HCl 1.5 
Final 3 days Ethanolamine HCl, N*.. 1.5 1.5 
Guanidoacetic acid 0.2 
Betaine HCl.. 1.5 
Compounds isolated N® content 
atom atom 
percent | percent 
From total phospha- | Choline (A) 5.8 8.7 
tides Ethanolamine (B) 9.3 16.4 
From organ proteins Glutamic acid 1.2 1.3 
Glycine 0.6 0.5 
Ratio A:B 0.62 0.53 


N® was added to both diets, the normal substance being withdrawn 
from the diet of Group I. 

After 3 days the animals were killed and ethanolamine as well as 
choline isolated from the body phosphatides. Glycine and 
glutamic acid were isolated from the proteins of the internal organs. 
The N* determinations on these compounds are reported in Table 
I, the same conventions being employed as in the previous re- 
port (5). 
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As had been intended, the animals in Group I had grossly fatty 
livers at the time of death, whereas those in Group II, being amply 
supplied with betaine, had no apparent abnormalities. 

The ethanolamine isolated in Group I is appreciably lower in 
isotope than that isolated in Group II. The difference may be 
ascribed to the fact that during the preliminary feeding the 
animals in Group I were receiving normal ethanolamine, in con- 
trast to those in Group II. Such an explanation suggests that 
when ethanolamine is present in the diet in moderate quantity, the 
animal may be able to store it, possibly with an increase in the 
content of cephalin. This would result in a dilution of the isotopic 
ethanolamine that was fed later, and a correspondingly lower 
analytical figure. 

The ratios of isotope in choline to that in ethanolamine isolated 
differ but little in the two series. If it be assumed that the 
choline was formed by the methylation of ethanolamine of the 
same isotopic composition as that in the phosphatide, it follows 
that in both cases about half (62 and 53 per cent) of all the choline 
in the animal had been thus synthesized in 3 days. There was no 
significant difference in spite of the fact that the first diet was de- 
ficient in available methyl groups and resulted in fatty liver, while 
the second diet was adequately supplied with methyl groups. A 
similar result had also previously been obtained with rats on a 
high protein diet (5). 

It therefore appears that even in methyl group deficiency severe 
enough to produce fatty liver, the methylation of ethanolamine to 
produce choline proceeds unimpeded in the body of the rat. That 
this is not simply the reversible shifting of methyl groups from one 
ethanolamine residue to another is shown by the fact that choline, 
when fed, is but slowly if at all demethylated to ethanolamine (5). 
There is no doubt that choline may serve as a biological source of 
methyl groups (4), but apparently ethanolamine is not the re- 
sulting product. 

These results, in confirmation of those of Jacobi, Baumann, 
and Meek (3), serve to explain the independence of the choline 
content of the body from the amount of choline in the diet, re- 
ferred to previously (1-3). Presumably the quantity of choline 
in the body is maintained at a constant level, when this material 
is lacking in the diet, by the biological methylation of ethanol- 
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amine. This reaction proceeds even when there is a degree of 
methyl group deprivation sufficient to produce fatty liver. 


EXPERIMENTAL 


The basal diet comprised 5 parts of arachin' (11), 2 parts of 
yeast powder, 4 parts of salt mixture (12), 6 parts of Wesson oil, 
2 parts of cod liver oil, and 81 parts of corn-starch. Arachin was 
selected as the source of protein because of its known low meth- 
ionine content (13). This mixture was supplied ad libitum, the 
average daily consumption being 15 gm. per rat. 

Each rat in Group I received, in addition to the above diet, 
24 mg. of guanidoacetic acid and 146 mg. of normal ethanolamine 
hydrochloride daily, for 1 week. Then, for 3 days, the ethanol- 
amine complement was replaced by an identical amount of iso- 
topic ethanolamine. The mean weight of the three rats was ini- 
tially 251 gm., and at the end of the feeding, 248 gm. 

Each rat in Group II received, in addition to the basal diet, 
230 mg. of betaine hydrochloride daily. After 7 days, 146 mg. 
of isotopic ethanolamine hydrochloride were added to the daily 
ration for 3 days. The initial mean weight of these rats was 
249 gm., and at the end of the experiment, 234 gm. 

The test substance in each case was the same ethanolamine 
hydrochloride previously described (5) and contained 2.00 atom 
per cent excess N™. 

The animals were killed and their organs and carcasses treated 
precisely as in the previous report (5). Ethanolamine was ulti- 
mately recovered as the picrolonate (m.p., 228°, 228°), and cho- 
line as the mercuric chloride double salt (m.p., 248-249°, 248- 
250°). 

C;HyNOCIsHgs. Calculated, N 0.79; found, N (Kjeldahl) 0.74, 0.84 
Glutamic acid was isolated as the hydrochloride. 


CsH,;oNO,Cl. Calculated, N 7.6; found, N (Kjeldahl) 7.6, 7.8 
! Arachin was prepared from a sample of peanut flour supplied through 


the generosity of Planters Edible Oil Company, Suffolk, Virginia, for which 
the author wishes to express his gratitude. 
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Glycine was isolated as the trioxalatochromiate and purified as 
the p-toluenesulfonyl derivative (m.p., 147—148°, 147-148°). 


CsHy,NOS. Calculated, N 6.1; found, N (Kjeldahl) 6.2, 6.1 


SUMMARY 


Isotopic ethanolamine has been fed to rats on diets with and 
without an adequate supply of available methyl groups. 

From comparison of the ratios of isotopic nitrogen in the 
ethanolamine and choline isolated from the phosphatides of these 
animals, it appears that the conversion of ethanolamine to cho- 
line proceeds without hindrance in rats even when the diet is 
sufficiently poor in methyl groups to cause fatty liver. 

The author wishes to acknowledge his indebtedness to the late 
Dr. R. Schoenheimer for his valuable advice and to Dr. D. Ritten- 
berg for his help and cooperation. 
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KETOSIS IN PRIMATES 


Il. THE RATIO OF 8-HYDROXYBUTYRIC ACID TO ACETOACETIC 
ACID IN THE BLOOD AND URINE* 


By THEODORE E. FRIEDEMANN 


(From the Department of Medicine of the University of Chicago, and the 
Department of Physiology, Northwestern University 
Medical School, Chicago) 


(Received for publication, October 15, 1941) 


A study of the data contained in the literature pertaining to the 
acetone bodies reveals great differences in the relative quantities 
of 6-hydroxybutyric acid and acetoacetic acid present in the blood 
as compared with that present in the urine. Kennaway (1) was 
the first to show that the percentage of the total acetone bodies 
present as 8-hydroxybutyric acid in the urine of diabetic human 
subjects is not constant and that it varies with the degree of ketosis. 
In his series this acid constituted from 32 to about 84 per cent of 
the total acetone bodies. Such a trend is shown also in Fig. 1 
which contains representative data from diabetic (2-4) and fasting 
obese subjects (5) and from subjects on a ketogenic diet (6). In 
contrast to the great fluctuations of the ratio of 8-hydroxybutyric 
to acetoacetic acid in the urine, the blood contains a relatively 
constant ratio of 6-hydroxybutyric acid to acetoacetic acid. 
Thus in nine samples taken from seven fasting subjects, whose 
blood contained from 1.25 to 6.15 mm of total acetone bodies per 
liter of blood, Crandall (7) found the following relative percentages 
of the hydroxy acid, 60, 62, 68, 60, 80, 62, 59, 61, and 66. The 
average, 64 per cent, corresponds to a ratio of hydroxy to keto acid 
of 1.78. From a consideration of these data it is clear that in mild 
ketosis the ratio of the two acids contained in the urine is smaller 
than that in the blood; on the other hand, it is greater than that 
of blood in conditions leading to severe ketosis. 


* This work was aided by the Douglas Smith Foundation for Medical 
Research of the University of Chicago and by the Clara A. Abbott Fund 
of Northwestern University. 


635 











636 Ketosis in Primates. II 


These data suggest a number of possibilities. Since the ratio 
is altered by the kidney, the change could be due to a difference in 
the rate of oxidation of the two acids in the kidney. Snapper and 
Griinbaum (8, 9) have shown that the perfused kidney possesses 
an unusual ability to burn acetone bodies. Acetoacetic acid is 
rapidly metabolized, and a portion is converted into 6-hydroxy- 
butyric acid. On the other hand, 8-hydroxybutyric acid, although 
rapidly oxidized, does not apparently yield acetoacetic acid. The 
results of Snapper and Griinbaum can best be explained by assum- 
ing a greater rate of oxidation of acetoacetic acid. Furthermore, 
since the kidney contains the specific dehydrogenase (10), the 
ratio of the acids may also be affected by the oxidative conditions 
present in the glomeruli and tubules. Finally, the possibility of 
differences in the relative rates of excretion, or of ‘“‘clearance,’’ of 
the two acids at various levels of ketosis should be considered. 

A study of the ratio of 6-hydroxybutyric to acetoacetic acid in 
blood and urine should have considerable practical value. As is 
known, the accurate determination of the acetone bodies presents 
many technical difficulties. Although the method for the deter- 
mination of acetoacetic acid is relatively simple, the determination 
of 8-hydroxybutyric acid is not only more difficult and time- 
consuming but also subject to more errors. §8-Hydroxybutyric 
acid must be oxidized to acetone. But the yield of acetone is 
variable, and many substances, unless removed, may cause large 
errors in the results. Acetoacetic acid is rapidly decomposed into 
acetone and CO, by amino compounds (11), and considerable 
quantities may be reduced to 8-hydroxybutyric acid by the growth 
of bacteria in the sample. Acetone is quite volatile. Therefore, 
a small loss of acetone by volatilization during storage and the 
subsequent analysis and the reduction of some of the acetoacetic 
acid by bacterial action greatly alter the ratio of the hydroxy to 
the keto acid. This would account, perhaps, for the unusually 
high ratios often found in the literature (see Fig. 1 for example). 
If it could be shown that fairly constant and reproducible ratios of 
hydroxy to keto acid are obtained in human subjects under widely 
different conditions (and that these relations are true as well for 
other Primates) by eliminating, as far as possible, the errors due 
to improper handling of samples and faulty analytical technique, 
then the determination of total acetone bodies would involve 
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merely a determination of acetoacetic acid. From the ratios so 
determined, and from determinations of the ratios of the reduced 
to the oxidized compounds of other oxidation-reduction systems, 
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Fic. 1. Ketonuria of human subjects. The data are taken from Gep- 
hart, Aub, Du Bois, and Lusk (2), Joslin (3), Van Slyke (4), Folin and 
Denis (5), and Higgins, Peabody, and Fitz (6). The logarithm of the 
millimoles of total acetone bodies excreted in 24 hours, B + A, per kilo 
of body weight, W, is represented on the abscissa; the logarithm of the 
ratio of 8-hydroxybutyric, B, to acetoacetic acid, A, is represented on the 


ordinate. 


it would be possible also to gain an insight into the oxidative 
conditions obtaining in tissues.’ 


EXPERIMENTAL 


Blood was collected in cold, sterile syringes and transferred to 
small, cold specimen bottles containing a minimum of sodium 


! This point is not considered in this paper. 
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oxalate. A large sample was immediately precipitated by the 
Folin-Wu procedure. An aliquot of the clear solution was treated 
with the Van Slyke CuSO, and Ca(OH), reagents. The acetone 
bodies were then determined by a modification of the Shaffer- 
Marriott method (12). Throughout, every effort was made to 
minimize the loss of acetone by volatilization. Thus the precipita- 
tions were carried out in the cold and the solutions were cleared by 
centrifugation, instead of filtration, in the cold. All measurements 
of samples of aliquots were made with cold pipettes. 

Urine was collected in cold bottles containing 5 cc. of washed? 
toluene. Analyses were made as soon as possible after the end 
of the period of collection. As in the case of blood, all operations, 
including measurements of samples and aliquots, and the precipita- 
tions and centrifugations, were carried out in the cold. 

The animals were healthy rhesus monkeys. They were placed 
in small metabolism cages. Although the space was limited, they 
were nevertheless very active. The consumption of water was 
increased after the onset of ketosis. The animals frequently 
urinated and the volume of urine was considerably greater than 
normal. The specimen bottles below the cages were changed at 
intervals of 4 hours. 


Results 


Fasting Ketosis in Monkeys—The results from five animals, three 
males and two females, showed great individual differences (Table 
I). Acetone bodies appeared in the urine within the first 24 hours. 
Monkey 28, a small, tame, immature animal, attained the maxi- 
mum ketosis on the 2nd day. The intensity of the ketosis at this 
time was greater than that attained by any of the other animals. 
A total of 27.4 ma, or 11.4 mm per kilo, was excreted in 24 hours. 
The ketosis was still as intense on the 3rd day, and it rapidly de- 
clined on the 4th day. In the other four animals the ketosis 
progressed more slowly, reaching its highest level on the last day 
of the fast. However, the rate of development of ketosis differed 


greatly. 


?c¢.p. toluene contains variable quantities of water-soluble substances 
yielding iodoform with hypoiodate under the conditions of the Messinger 
titration. The commercial or “technical”? grades may contain very large 
quantities of iodine-binding substances, probably acetone. 
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In a study of the fasting metabolism of five men and five women, 
Deuel and Gulick (13) without exception noted that the acetonuria 
was more slowly developed and the rate of excretion attained on 
the 4th day of fasting was smaller in the men than in the women. 


TaBLe | 


Fasting Metabolism of Five Macacus rhesus Monkeys 





| 


Total 











Pe bts _ 
| Weight | urinary | 
mmr ose | US| Pat | 
| 24 hrs. 
| kg. | gm. 
28" | Male | 2.4 | 2ndt | 0.91 
| 8rd | 0.89 
| 4th 0.87 
31 Female 3.7 2nd¢t | 0.97 
| 3rd 1.18 | 
4th | 1.24 | 
32t Male | 4.0 2ndt | 1.80 | 
| | 8rd | 1.79 | 
| 4th | 3.87 | 
34 Female 4.0 | 2ndt | 1.30 
3rd 1.23 
| 4th 1.61 | 
35 Male 6.1 2ndt 2.18 
| 83rd 2.11 | 
4th 2.40 
35 ‘ 5.4 2nd§ 
35 s 6.1 | 2nd 
| 8rd 
| 4th 


* Small; immature as indicated by teeth; quite tame. 


Acetone bodies in urine, 
calculated to 24 hrs 
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t First period of fasting, May 24-27, 1931. 


t An aggressive animal. 
§ Second period of fasti 
|| Third period of fastin 


ng, March 29-31, 1933. 
g, April 18-21, 1933. 


Male rats and guinea pigs also excreted fewer acetone bodies than 


females (14). 


In our animals, just the opposite trend was noted. 


The two males, Monkeys 28 and 32, developed a ketosis more 
rapidly, and the maximum excretion was greater than that of the 
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two females, Monkeys 31 and 34. On the other hand, Monkey 35, 
a male, excreted very small quantities of acetone bodies, less than 
the two females. In the previous series, the males of each genus 
had a slightly greater ketonuria than the females. However, 
again a male animal, a mandrill, proved to be the exception. On 
the whole, the male monkeys appeared to be more susceptible to 
the development of a severe ketosis than the females. 

That the fasting ketosis of monkeys, as measured by the rate of 
excretion of acetone bodies, can be as great as the severe diabetic 
ketosis in human subjects, was first noted by the writer (15). 
While it is true that the animals previously studied were not 
normal, the animals used in the present study were in excellent 
health. In the previous series, the maximum rate of excretion per 
kilo of body weight was as follows: brown capuchin monkey (Cebus 
capucinus), male, 9.2 mm; black ape (Cynopithecus niger), male, 
5.4 mm; black ape, female, 5.0 mm; bonnet macaque (Pithecus sini- 
cus Desmarest), male, 6.3 mm; bonnet macaque, female, 4.6 mm; 
mandrill (Papio sphinx L.), male, 0.36 mm. In the present series 
with Macacus rhesus, the rates of excretion were as follows: 
Monkey 28, male, 11.4 mm; Monkey 32, male, 7.6 mm; Monkey 35, 
male, 0.49 mm; Monkey 31, female, 1.8 mm; Monkey 34, female, 
2.8 mM. It is apparent that the maximum excretion of acetone 
bodies per kilo of body weight was as great in the present as in the 
former series. 

These data should be compared with those from human subjects 
shown in Figs. 1 and 2. The rate of excretion per kilo of body 
weight of the two obese fasting subjects and two subjects on a 
ketogenic diet varied from 0.2 to a maximum of 3.7 mm. The 
maximum rates of excretion in diabetic human subjects were as 
follows: Van Slyke’s patient, 17.4 mm; Cyril K. (3), 14.2 mm. 
These data again demonstrate the great ease with which a severe 
ketosis is attained in monkeys. Because of their small size, and 
therefore greater metabolism per kilo of body weight, the available 
glycogen stores of monkeys are, perhaps, more rapidly exhausted 
than in adult human subjects. This factor and the intense acidosis 
may account for the unfavorable effect of a few days of fasting 
(weakness and coma) observed in six monkeys of the first series 
and one monkey of the present series. 

Ratio of B-Hydroxybutyric to Acetoacetic Acid in Blood—Table II 
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contains data from three depancreatized dogs and five human 
subjects. Blood was collected from the human subjects under 
relatively uniform conditions, either after they had been in bed or 


TABLE II 
Acetone Bodies in Blood 














Blood 
Subject Comment | pl “=e o —. Aceto- B 
butyrie — 7 
acid 
| (B) | ‘4) 
mM per | mM per 
l. l. 
Dog 1 Depancrea-| 0.40 | 0.21 | 1.90 
tized | 
"3 " 0.42 | 0.74 | 1.92 
> 2 7 Moribund | 1.97 | 1.00 | 1.97 
Human, Mr. G. | Ketogenie | Feb. 1, 8.30) Asleep 1.02 | 0.56 | 1.82 
diet | p.m. 
“ os“ | | Feb. 1, 9.00} Awake 1.31 | 0.66 | 1.98 
p.m. 
= Mrs. HH. ‘“ “ | Feb. 7, 3.00) Out-pa- 3.65 1.96 | 1.86 
p.m. tient 
| clinic 
- Ss eS ee oe 2.51 | 0.93 | 2.70 
| 4.00 p.m. 
“: Mr. W. oe | Feb. 8, 2.00 = 1.73 | 0.90 | 1.93 
| | p.m. 
“ “7; ** | eee ee % ae | 0.87 | 2.31 
p.m. | 
- Mr. C. | Diabetic Apr. 3, | Asleep | 4.32 | 2.68 | 1.61 
| 10.00 | | 
| | p.m. 
“ «-).. 4 |Apr. 4, | Ambula- | 4.45 | 2.08 | 2.14 
10.00 tory | | 
a.m. 
** Miss W.| See Table | May 1, 8.30) Resting in | 9.17* 5.17*| 1.77 
| lV p.m. bed | 








*The plasma was analyzed. The blood was centrifuged in the cold 
immediately after collection in a cold, stoppered centrifuge tube. 





had been sitting in an easy chair for some time. Blood was ob- 
tained from dogs which had been trained to lie quietly. Blood, 
unlike the urine, contained a fairly constant relative proportion of 
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the two acids over a wide range of concentration of total acetone 
bodies. Surprisingly, the ratio was about the same in dog (1.93) 
as in human blood (2.01). Greater variations of the ratio, from 
1.43 to 4.0, and a somewhat lower average ratio of 1.78 were 
observed by Crandall. 

The variations in the ratio cannot be ascribed entirely to analyti- 
cal errors. To some extent they may be caused by differences in 
activity. The higher results obtained from untrained dogs in 
Crandall’s series may be accounted for by this means. In the 
ease of subject G in the writer’s series, the ratio of 8-hydroxybuty- 
ric to acetoacetic acid in the blood was smaller at the time of 
awakening at 8.30 p.m. than half an hour later. In the case of 
the diabetic subject C, the ratio was 1.61 when the patient was 
aroused at 10 p.m., and it was 2.14 at 10 a.m. the next day when 
the patient came to the laboratory. Subjects H and W, clinic 
patients, had been undergoing tests and treatments since about 10 
o’clock on each of the days indicated, and it is significant that the 
blood taken late in the afternoon in each instance contained a high 
relative quantity of 8-hydroxybutyric acid. 

Ratio of B-Hydroxybutyric to Acetoacetic Acid in Urine—Data 
from three human diabetic patients and one very fat, healthy sub- 
ject are shown in Fig. 2, together with data from the total of 19 
days of fasting of the five monkeys. Although the results are 
plotted as in Fig. 1, the basis of comparison differs in many im- 
portant respects. Thus, results from human subjects (Tables III 
to V), varying in age from 15 to 44 years and weighing from 40 to 
129 kilos, are compared with those from monkeys, varying perhaps 
just as greatly as to age but weighing from 2.4 to 6.1 kilos. 

The condition of the diabetic subjects varied greatly from the 
normal. Mrs. P. H. (Table III) had many large abscesses, and 
her temperature varied from 38.3-39.4°. She received large 
volumes of Ringer’s solution and 0.9 per cent NaC! solution on the 
previous day, which was the day of admission, and on the day the 
collection of samples was begun. A total of 160 units of insulin 
was given in three doses at the times shown in Table III. The 
data are shown in Fig. 2. Mrs. L. M. (Table IV) was consider- 
ably undernourished; otherwise, she was quite normal. Miss W. 
(Table V), aged 15 years, complained of fatigue, sleeplessness, and 
shortness of breath. Only one specimen of urine was collected. 
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The result is indicated in Fig. 2. Miss R., who weighed 129 kilos, 
received a ketogenic reducing diet. Within a few days a slight 
ketonuria, which varied from 2.15 to 3.94 mm in 24 hours, de- 
veloped. 

The numbered points in Fig. 2, which represent the data from 
the periods following the injection of insulin, account for most of 
the large deviations. But the variations are not nearly as great 
as those in Fig. 1. The curve, a straight line drawn through the 


Taste III 
Diabetic Human Subject 
Mrs. P. H.; age 44 years; height 154 cm.; weight 65.3 kilos, intake of 
fluids 4025 cc.; date, August 25, 1935. 





Acetone bodies in urine, 
calculated to 24 hrs. 


Date Urine collection period : : Insulin 8-Hy- Aeste- Total 
urine | droxy- : acetone 
| butyric — ies 
acid (B) + 
(B) (A) (A) 
I iecncitelninionanesaieananoaten ne 
Me | cc. units mM mM mM 
25 5.10 p.m.- 9.10 p.m. | 745 | 348 194 542 
25 | 9.10 “ =1.10a.m. | 692 | 293 144 437 
26 | 1.10 a.m. 5.10 A 660 80, 1.30 a.m.) 218 112 330 
2% | 5.10 “ -9.45 “ 718 | 40, 7.50 ‘“ | 82 60 | 142 
26 | 9.45 “ -1.07 p.m. | 183 | 40,1050 “ | 2.5) 5.7] 8.2 
2 | 1.07 p.m— 3.22 “ 283 | 3.6) 7.1) 10.7 
% | 3.22 “ -6.52 “ 278 23} 3.9] 6.2 
26 6.52 “ -10.47 “ 510 | 20.3 17.7 | 38.0 
26 | 10.47 “ -2.47a.m. | 300 | 15.2 10.2 | 25.4 
27 2.47a.m.- 7.21 “ 293 4.5 5.0| 9.5 
27 7.21 “-8.20 “ 336 40.6 | 23.6) 64.2 


lower data, is at a lower level than in Fig. 1. The writer cannot, 
of course, say whether this is due to close attention to analytical 
technique or to the precautions taken to prevent loss of acetone 
and conversion of acetoacetic acid to 6-hydroxybutyric acid. It 
should be noted that Van Slyke’s data fall within the range of the 
writer’s data. 

The results demonstrate beyond question that the ratio of 8-hy- 
droxybutyric acid to acetoacetic acid in the urine is a function of 
the rate of excretion of the total acetone bodies. The ratio of the 
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two acids increases as the rate of excretion increases; the blood, on 
the other hand, contains a relatively constant ratio of the ketone 
acids over a wide range of concentrations. It is evident that the 
two acids are excreted or “‘cleared”’ at different rates by the kidney. 
This is illustrated by the data obtained from Miss W., a diabetic 
patient, who, over a period of 2 hours, from 7.30 to 9.30 p.m., 
excreted total acetone bodies at the rate of 9.65 mm per kilo per 


TaBie IV 
Diabetic Human Subject 
Mrs. L. M.; age 23 years; height 163 cm.; weight 40.3 kilos on June 23, 
1931. 





| Acetone bodies in urine, 
calculated to 24 hrs. 











‘ Volume 
Date | Urine collection period | a Ka deo | Aceto- | — 
| | butyric | 908 | gy tla) 
| acid | (A) 
| @) | | 
i | cc. | ma | mM | mM 
3 4.30 p.m.— 4.30 a.m. 1410, 271 | 91 | (362 
24 | 4.30 a.m.- 4.30 p.m. 1355 290 88 | 378 
24 4.30 p.m— 8.30 ‘“ | 630 405 118 | 523 
25 | 8.30 ‘ -— 4.00 a.m. 560 | 165 56 | 221 
25 4.00 a.m. 7.30 ‘“ | 295 | 132 55 187 
25 7.3 “ -10.30 “ | 420 267 93 360 
25 10.30 ‘* -11.30 “ 120 274 93 367 
25 | 11.30 ‘* — 3.30 p.m.* 290 197 80 277 
25 4.30 p.m.- 8.45 “ 160-62 26 88 
25 8.45 “ - 7.30 a.m. 480 36 20 56 
26 7.30 a.m.-10.30 “ 400 132 60 192 
26 10.30 “ -11.30 “ 100 | 132 55 187 
26 11.30 “ - 1.15 p.m. 170 195 68 263 
ad 1.15 p.m.- 3.30 “ 385 435 | 150 585 


. 40 units of insulin at 3. 30 p.m. 


24 hours. The plasma at 8.30 p.m. contained 14.34 mm of total 
acetone bodies per liter. Ata rate of excretion of 2.96 cc. of urine 
per minute, the urine contained 5.80 times as much acetoacetic 
acid and 8.62 times as much $-hydroxybutyric acid as the plasma. 
The maximum clearances, when calculated by the formula, 


concentration in urine X cc. urine excreted per minute 





Clearance = “aenge 
concentration in plasma 
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of Mdller, McIntosh, and Van Slyke (16), were as follows: aceto- 
acetic acid 17, 8-hydroxybutyric acid 26, total acetone bodies 23. 
Crandall noted ratios of total acetone bodies of urine to blood of 
normal fasting human subjects varying from 7.7 to 22.8, with an 
average ratio of 14.9. Assuming an average rate of excretion of 
urine of 1 cc. per minute, or 1440 cc. in 24 hours, such a ratio would 
correspond to a clearance of 15. It is evident that the acetone 
bodies contained in the glomerular filtrate are readily reabsorbed 
in the tubules. 

As already stated, the ratio of hydroxy to keto acid in the urine 
is probably determined by such factors as the oxidation-reduction 
conditions in the kidney, the relative rates of oxidation of the acids 


TABLE V 
Acetone Bodies in Plasma and Urine of Diabetic Patient, Miss W. 


355 cc. of urine were excreted from 7.30 to 9.30 p.m. The rate of excre- 
tion per minute, V, was 2.96 cc. Blood was taken at 8.30 p.m. 


Urine 
Plasma ; 
concentra- Clearance 
tion per | Concentra-| ~,),...). 
liter tion per . alc ulated “P 
(P liter excretion 
U) in 24 hrs 
mM mM mM 
8-Hydroxybutyric acid 9.17 79 336 26 
Acetoacetic acid 5.17 30 128 17 
Total acetone bodies 14.34 109 464 
8-Hydroxybutyric acid a bes 
1.77 2.63 


Acetoacetie acid 


by the kidney, and the relative rates of reabsorption of the acids 
in the tubules. The effect of these various factors cannot be 
inferred from the data given in the present paper. However, the 
results should have practical analytical application. 


The writer gratefully acknowledges the interest and help given 
in this work by Dr. Russell M. Wilder, Dr. H. B. van Dyke, Dr. 
Louis Leiter, and Dr. Henry T. Ricketts in providing clinical 
material for this study. 

SUMMARY 

Five healthy rhesus monkeys, three male and two female, weigh- 

ing from 2.4 to 6.1 kilos, were fasted for periods of 2 to 4 days. 
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The excretion of acetone bodies in the urine of four human sub- 
jects, three diabetic and one obese subject receiving a ketogenic 
diet, was also studied. Two of the diabetic subjects received 
insulin during the period of observation. The age of the subjects 
varied from 15 to 44 years and the weight from 40 to 65 kilos. 

With one exception, the monkeys developed a ketosis within 2 
days which was as intense as that previously obtained in monkeys 
afflicted with ‘‘cage paralysis.’”” Male monkeys appeared to be 
more susceptible to the development of severe ketosis than the 
females. This is contrary to the conclusions of previous workers 
who experimented with human subjects, rats, and guinea pigs. 

The ratio of 8-hydroxybutyric to acetoacetic acid in the urine is 
a function of the rate of excretion of total acetone bodies per kilo 
of body weight. It varies from approximately 0.5 at the ‘“thresh- 
old” of ketosis to approximately 4 in very severe diabetic ketosis 
of human subjects. At the same rate of excretion per kilo of body 
weight, the ratio of the two acids is the same in the urine of 
monkeys as in human subjects. All of the results fall within a 
narrow range, owing perhaps to the close attention to analytical 
technique and to precautions taken in sampling. 

In ketosis from various causes, the ratio of hydroxy to keto acid 
in the blood of three dogs and five human subjects (twelve samples) 
varied from 1.61 to 2.70, with an average of 1.99. 

The factors responsible for these differences between the ratio 
of hydroxy to keto acid in blood and urine are briefly discussed and 
the practical analytical applications are pointed out. 
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THE ISOLATION OF ALLOPREGNANOL-3(8)-ONE-20 
FROM HUMAN PREGNANCY URINE* 


By W. H. PEARLMAN, GREGORY PINCUS, anp 
NICHOLAS T. WERTHESSEN 
(From the Physiological Laboratories, Clark University, Worcester) 


(Received for publication, November 22, 1941) 


Although allopregnanol-3(8)-one-20 has been isolated from the 
urine of pregnant sows (1) and pregnant mares (2, 3), it has not 
heretofore been reported in human pregnancy urine. Other 
natural sources of this steroid are the corpus luteum (4-6) and 
the adrenal gland (7). 

The pregnancy urine investigated was obtained during labor 
and delivery. The urine was brought to pH 1 with hydrochloric 
acid and exhaustively extracted with dibutyl ether at 90°.!. The 
ketonic material obtained from the neutral extract by the use of 
Girard’s Reagent T (8) was allowed to react with succinic anhy- 
dride in order to obtain alcoholic and non-alcoholic fractions (9). 
The hydroxy ketones were treated with 70 per cent methanol con- 
taining 2 per cent digitonin and the insoluble digitonides were 
worked up by the usual procedures. There were obtained, in this 
manner, 134.5 mg. of a brown oil, constituting the digitonin-pre- 
cipitable hydroxy ketones of 133 liters of urine. When the oil was 
refluxed for 2 hours in a 90 per cent alcoholic solution of semi- 
carbazide acetate and cooled to room temperature, 57.7 mg. of a 
crystalline semicarbazone, m.p. 238-242°,? were obtained. Hydrol- 
ysis, which was effected by refluxing in 0.5 N hydrochloric acid in 
80 per cent alcohol, yielded 44.4 mg. of white crystalline material. 
When crystallized from absolute methanol, 14.4 mg. of plates, m.p. 


* Aided by grants from the Committee for Research in Problems of Sex 
of the National Research Council and G. D. Searle and Company. 

' The hydrolysis and extraction were carried out in the Research Labora- 
tories of the Schering Corporation, Bloomfield, New Jersey, through the 
courtesy of Dr. E. Schwenk. 

* All melting points are corrected. 
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175-178°, [a]?° + 70° (0.40 per cent in absolute ethanol) were 
obtained. Two more recrystallizations from the same solvent 
raised the melting point to 187-188°; another recrystallization 
gave 3.3 mg., melting sharply at 189-190°. Admixture with an 
authentic specimen of allopregnanol-3(8)-one-20, m.p. 191°, which 





2.4— 


—— 














430 470 510 550 590 


Fig. 1. Absorption spectra (Zimmerman test) of steroids derived from 
the digitonin-precipitable hydroxy ketonic fraction. The abscissa scale 
represents wave-length in my; the ordinate, optical density (log 1/trans- 
mission). Curve I, synthetic dehydroisoandrosterone (for comparison). 
The following indicate crystalline mixtures: Curve II, m.p. 150-165°; 
Curve III, m.p. 152-154°; Curve IV, m.p. 155-159°; Curve V, allopregnanol- 
3(8)-one-20, m.p. 189-190°; Curve VI, allopregnanol-3(8)-one-20, m.p. 191° 
(from corpus luteum for comparison). Curves I and II are for 50 y and 
Curves III to VI for 100 y of crystalline steroid each. Note that Curve III 
is unique in that the absorption maximum is at 430 to 440 my and is quite 


high from 390 to 420 mug. 


was kindly furnished by Professor O. Wintersteiner, gave no de- 
pression in melting point. The absorption spectra in a modified 
Zimmerman test (10) were almost identical for both specimens 
(Fig. 1, Curves V and VI). The oxime derivatives of both speci- 
mens melted at 222-223° and gave no mixed melting point depres- 
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sion. An additional 4.0 mg. of allopregnanol-3(8)-one-20, m.p. 
187-188°, were obtained from the mother liquors; the acetate 
derivative melted at 139-140°, whereas the acetate of the authentic 
specimen, which had been prepared simultaneously, melted at 
138-140° and gave no mixed melting point depression. 

When the remainder of the digitonin-precipitable hydroxy 
ketones was subjected to chromatographic analysis, only small 
amounts of crystalline mixtures could be obtained; the melting 
points and absorption curves (Zimmerman test) of these are given 
in Fig. 1. Curve IV (Fig. 1) is that of a Coo ketosteroid mixture. 
Such a mixture might have as a component the C-17-stereoisomer 
of allopregnanolone, a minor percentage of which is known to arise 
as the result of alkali treatment of the normal steroid (11). The 
subsequent acid treatment in the hydrolysis of the semicarbazones 
may not have reversed this isomerism. It is also possible that 
pregnanol-3(8)-one-20 is a minor constituent of labor and delivery 
urine, since the C; epimer of this steroid as well as that of allo- 
pregnanol-3(3)-one-20 has been reported by Marker et al. (12, 13) 
to occur in human pregnancy urine. A*-Pregnenol-3(8)-one-20 
which has been suggested by Butenandt (14) as a probable inter- 
mediate in the formation of progesterone would be found in the 
digitonin-precipitable hydroxy ketonic fraction if indeed present. 
The 17-ketosteroids found in the corresponding fraction of non- 
pregnant female urine were not isolated probably because of the 
complexity of this fraction in pregnancy urine and the small 
amount of available material. That 17-ketosteroids are not ab- 
sent is indicated (Curve II, Fig. 1); the presence of ketones other 
than the Cx and Cy varieties is also indicated (Curve III). The 
new androstanol-3(8)-one (?) reported by Heard and McKay (38) 
to occur in pregnant mare urine failed to be isolated. Studies 
of late human pregnancy urine are in progress in order to examine 
more completely this fraction in the light of the foregoing sug- 
gestions and especially to see whether allopregnanol-3(8)-one-20 
is characteristic only of labor and delivery. 


SUMMARY 


Allopregnanol-3(8)-one-20 is a constituent of human labor and 
delivery urine. The presence of limited amounts of 17-ketoste- 
roids in the digitonin-precipitable fraction is indicated. 
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We are very much indebted to the obstetrical staffs of the 
Worcester City Hospital and the St. Vincent’s Hospital of Wor- 
cester for cooperation in the collection of the urine specimens. 
Professor O. Wintersteiner was extremely kind in placing the 
facilities of his laboratory at our disposal for a portion of the work. 
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THE INFLUENCE OF SUPPLEMENTARY CASEIN, CYSTINE, 
AND METHIONINE ON LIVER LIPID CONTENT 


By C. R. TREADWELL,* MARJORIE GROOTHUIS, anp 
H. C. ECKSTEIN 


(From the Department of Biochemistry and Chemical Pathology, College of 
Medicine, Baylor University, Dallas, and the Department of Biological 
Chemistry, Medical School, University of Michigan, Ann Arbor) 


(Received for publication, November 24, 1941) 


It has been our experience that a lipotropic action was observed 
almost universally whenever cystine and methionine were added to 
a low protein (5 per cent), high fat (40 per cent) diet in amounts 
sufficient to raise the quantities of the sulfur-containing amino 
acids to the same levels as those of rations containing from 18 to 
20 per cent casein and 40 per cent lard (1, 2). The lipotropie ac- 
tion observed when the total amino acid content of diets was in- 
creased by merely elevating the protein content was attributed by 
us to the increase in the dietary methionine (1). Other workers in 
this field have, however, presented data which led them to conclude 
that the lipotropic activity of dietary proteins cannot be explained 
solely on the basis of their cystine and methionine content. Ac- 
cording to Channon and coworkers (3) “added methionine is in- 
capable of exerting its full action in the absence of some other pro- 
tein constituents.”” Best and Ridout (4) support this conception 
by their observation that the feeding of a basal diet (5 per cent 
meat powder, 40 per cent fat) supplemented with amounts of 
cystine and methionine equivalent to those present in a ration con- 
taining 30 per cent casein as the sole source of protein exerted vir- 
tually no effect on the fat content of the livers. This was in con- 
trast to the decided lipotropic action observed when the same basal 
diet was supplemented with 30 per cent casein. 


*C. R. Treadwell wishes to express his appreciation to the Horace H. 
Rackham School of Graduate Studies of the University of Michigan, for 
guest privileges during the summer of 1940. 
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In the light of these divergent opinions it seemed desirable to 
obtain additional information on this question. The experimental 
and analytical procedures employed (1) were essentially the same 
as those used by the other investigators referred to above. All 
diets contained 2 per cent agar, 40 per cent lard, and 5 per cent salt 
mixture (5). To these were added casein and the amino acids as 
supplements in the amounts specified in Table I. The remainder 
of the rations consisted of glucose. Each rat received one yeast 
tablet (500 mg.) and 2 drops of cod liver oil daily. The cystine 
and methionine contents of the rations given in Columns 5 and 6 of 
Table I represent the sums of the amounts present in the casein (6) 
and the supplementary amino acids. 

Diets 1 to 7 inclusive contained an amount of methionine (620 
mg. per cent) equivalent to that present in a ration containing 
20 per cent casein as the sole source of protein. The progressive 
addition of larger amounts of cystine to these diets was without 
influence until a level of 817 mg. (Diet 6) was reached and then 
only a slight elevation of liver lipids (15.7 per cent total lipids) was 
observed. At the 1017 mg. level (Diet 7) distinctly fatty livers 
were obtained. Thus approximately 15 times the amount of 
cystine present in a 20 per cent casein diet was required to over- 
come the lipotropic action of the 620 mg. per cent of methionine. 
This is the amount of methionine contained in a 20 per cent casein 
diet. 

The ability of methionine to overcome the effect on liver lipid 
content of 600 mg. per cent of supplementary cystine was de- 
termined by feeding Diets 9 to 12 inclusive. The 23.6 per cent of 
liver lipids reported for the rats on Diet 8 is the amount usually ob- 
served after feeding a low protein-high fat diet. The data on the 
animals on Diet 11 demonstrate that a diminished liver lipid value 
was observed when the methionine content was raised to 465 mg. 
per cent. The increase of total methionine from 310 to 465 mg. 
per cent caused a decrease of approximately 42 per cent of liver fat 
content. Diets 13, 14, and 15 are respectively like Diets 10, 11, 
and 12 as far as methionine content is concerned, except that in the 
case of the first three the quantity of methionine in the diets was 
increased by adding casein rather than by the free amino acid. A 
comparison of the data obtained shows that a 42 per cent drop in 
liver fat content occurred when the methionine level was raised 
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from 310 mg. per cent (Diet 10) to 465 mg. per cent (Diet 11). In 
both instances the basal diet was supplemented with the amino 


TaBLe I 
Influence of Supplementary Casein, Cystine, and Methionine on Liver 
Lipid Content 
The figures in parentheses are the values for the individual rats. The 
length of each experimental period was 21 days. Unless otherwise stated 
the group fed each diet included eight rats. 


























| , | Sulfur-contain- | 

Supplements in 100 gm. | ing amino acids ra 
Diet | of diets | in ie gn. of Gail (Change ee 
Ne. |_ a Rietee we ae Liver lipids 

Casein [Cystine! Methio-|cystine! Methio- intake | “°# 

; ystine | “nine youl nine 
gm. mg. mg. | mg. | mg. gm. | per cent per cent in liver 

1 0 | 0 | 465 | 17 | 620 | 6.6 | +25| 11.8 (7.9-15.9) 
2 0 | 100 | 465 | 117 | 620 | 6.6 | +17/ 11.6 (8.9-16.9) 
3 0 | 200 465 | 217 | 620 | 6.7 | +22] 11.2 (7.0-15.0) 
4 0 | 400 | 465 | 417 | 620 | 7.4 | +13] 14.0 (7.2-18.5) 
5 0 | 600 | 465 | 617 | 620 | 6.0 | +10! 12.0 (8.9-15.2) 
6 0 | 800 | 465 | 817 | 620 | 6.2 | +9] 15.7 (11.6-20.3) 
7 | © (1000 | 465 |1017 | 620 | 6.7 | +14] 19.7 (13.3-30.3) 
8 0 | 0; o| 17 | 155 | 6.0 | —5| 23.6 (15.9-34.3) 
9 0 | 600 | 0 | 617 | 155 | 5.7 | +18| 35.1 (28.2-42.7) 
10* | 0 | 600 | 155 | 617 | 310 | 6.1 | +24| 32.8 (27.3-38.4) 
11 | 0 | 600 | 310 | 617 | 465 | 6.3 | +31 | 19.0 (13.4~28.3) 
12 0 | 600 | 620 | 617 | 775 | 5.6 | +18| 9.9 (5.8-13.0) 
13t | 5 | 583) 0 | 617 | 310) ft | +28) 27.1 (18.2-37.7) 
l4¢ | 10 | 566 | 0 | 617 | 465 | ¢ | +38) 30.3 (24.6-38.1) 
15 | 20 | 532 | 0 | 617 | 775 | t | +46/ 19.8 (14.6-30.4) 
1% | 15 | 49| O| 117 | 620 | 9.4 | +45 | 13.9 (7.5-18.2) 
17 | 15 | 149 | 0 | 217 | 620 | 9.0 | +47| 26.3 (22.2-32.4) 
18 | 15 | 349 | 0 | 417 | 620 | 9.0 | +41 | 20.6 (13.0-28.4) 
19 | 15 | 749) © | 817 | 620 | 8.8 | +49| 26.5 (21.6-33.0) 
2 | 15 | 49) O | 1017 620 | 9.0 | +43 | 22.4 (18.5-28.8) 





* Seven animals. 

+ Six animals. 

t These animals ate practically all of the 10 gm. of food given them 
daily. 


acid itself. When casein was used as the supplement (Diets 13 
and 14), no fall in liver lipids took place. In fact a slight increase 
was observed. The values for the livers of the rats fed Diets 11 
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and 12 and Diets 14 and 15 show that a rise in the methionine level 
from 465 to 775 mg. per cent was accompanied by a drop in liver 
fat content of 48 per cent when the methionine was added as such 
and a 35 per cent fall when casein was added. These data also 
fail to support the view that the protein, casein, is superior to the 
amino acid so far as lipotropic activity is concerned. A further 
consideration of the data reveals the fact that even though the 
liver fat content of the rats on Diet 15 was 35 per cent lower than 
that of the animals on Diet 14 the livers of the former group were 
still distinctly fatty (19.8 per cent fat) as compared with the almost 
normal liver fat (9.9 per cent) for the animals on Diet 12. 

In Diets 16 to 20 inclusive all of the methionine was present as 
casein, whereas in Diets | to 7 listed in Table I only 155 mg. 
per cent were present in this form. The data secured from the 
rats on these diets demonstrate that free methionine is very effi- 
cient in preventing the usual fatty infiltration caused by the addi- 
tion of cystine to low protein-high fat diets (7), since the 465 mg. 
per cent of methionine added to the basal diet practically prevented 
this particular cystine effect, even though as much as 817 mg. per 
cent of cystine was present in Diet 6. On the other hand dis- 
tinctly fatty livers (26.3 per cent lipids) were observed when Diet 
17 which contained only 217 mg. per cent of cystine was fed. The 
amount of methionine present in this latter diet was the same as 
that of Diet 6, but was provided entirely by the dietary casein. 

Previous work from this laboratory (2) showed that whereas the 
20 per cent of casein in a 40 per cent fat diet exhibited marked 
lipotropic action no such response was demonstrable when the 
casein level was reduced to 15 per cent. Diet 11 contained the 
same amount of methionine as a 15 per cent casein diet, but in the 
case of the former two-thirds of the methionine was present as the 
free amino acid. A comparison of the data obtained with the 
animals on Diets 9 and 11 shows the lipotropic effect of the latter 
ration. In this connection it should be pointed out that this 
latter diet was effective, even though 617 mg. per cent of cystine 
(12 times the amount contained in an unsupplemented 15 per cent 
casein diet) were present. 

None of the data lends support to the contention that methionine 
is incapable of exerting its maximum effect on liver fat content in 
the absence of other protein constituents. While they may be in- 
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terpreted as demonstrating that supplementary methionine ex- 
hibits a greater lipotropic action when given as the free amino acid 
than when in combination as protein, a further study of the data 
may afford an alternative explanation. It is clear from Table I 
that the average daily food intakes of the animals on the increased 
protein Jevels (Diets 13 to 20 inclusive) were practically 50 per 
cent greater than those of the other animals. An examination of 
Table I shows that the average gain in weight for the whole ex- 
perimental period (21 days) of all the animals on the diets con- 
taining only 5 per cent of casein was only 16.6 per cent in com- 
parison with the average gain of 42.7 per cent for all of the other 
animals. Thus the amount of newly formed tissues synthesized by 
the latter group far exceeded that of the former. It follows, 
therefore, that larger amounts of methionine were probably re- 
quired for the additional amounts of tissue protein built up, and, 
because of this need, less methionine may have been available for 
lipotropic action. In the light of this possibility a definite con- 
clusion from the work presented herein must be withheld. It 
would be of interest to repeat this work on adult rats in which the 
growth factor is practically ruled out. This is now being done in 
this laboratory. 


SUMMARY 


Cystine was added in increasing amounts to a low casein (5 per 
cent), high lard (40 per cent) basal diet supplemented with suffi- 
cient amounts of methionine to make the total methionine content 
equivalent to that of a ration containing 20 per cent casein as the 
sole source of protein. No substantial increase in the liver lipid 
content of young rats (120 gm.) was observed until a level of 1017 
mg. per cent of total cystine was reached. 

Under the conditions obtaining in this investigation diets sup- 
plemented with methionine as the free amino acid were, so far as 
lipotropic action is concerned, superior to the diets containing 
equivalent amounts of methionine in the form of the protein, 
casein. 
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Ever since it was introduced by Altmann in 1889 (1), acetone 
has been widely and successfully used for isolating and purifying 
the phospholipids. However, acetone alone is unable to bring 
about a complete precipitation of the phospholipids, especially 
from mixtures with fat and cholesterol. In 1910 Nerking (2) 
pointed out that the addition of a little magnesium chloride to the 
acetone made the precipitation of the phospholipids practically 
complete. Numerous workers since that time have confirmed the 5 
fact that acetone and magnesium chloride precipitate all phos- 
phorus compounds soluble in aleohol and ether, even though they 
may not all be lipids. 

While developing his oxidative micromethod, Bloor (3) dis- 
covered that phospholipid, prepared from tissues, was insoluble in 
dry ether after it had been precipitated by acetone and magnesium 
chloride. If, however, the ether was saturated with water, the 
phospholipid slowly but completely dissolved. Later Kirk, Page, 
and Van Slyke (4) observed that, even though they adhered strictly 
to the directions prescribed by Bloor, some of the phospholipid, 
from both tissues and blood, did not redissolve in moist ether. 
They analyzed some of the ether-insoluble material; ‘The N:P 
ratio found was 0.875 (instead of the usual ratio for cephalin and 
lecithin of 0.438), showing this fraction to be a diaminomono- 
phosphatide.”’ 

On the basis of this observation, Kirk (5) later developed a 
method for the determination of the ether-insoluble phospholipids 
in blood and tissues. And, although careful to point out that the 


* Supported by a grant from the National Research Council of Canada. 
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ether-insoluble phospholipids did not consist entirely of sphingo- 
myelins, he felt sure that the latter, if present, were included in 
this fraction. The lecithins and cephalins were believed to be 
extracted by the moist ether. Using the Roman method, Kirk 
determined the lecithins by their choline content and estimated 
the cephalins by difference. Kirk (6) has applied his method in an 
extensive study of the comparative amount of the three types of 
phospholipids, lecithins, cephalins, and ether-insoluble phospho- 
lipids, in normal and pathological conditions. Dziemian (7) has 
used the Kirk procedure for the study of the lipids in the red cells 
of various animals. 

Meanwhile Folch and Van Slyke (8) and Christensen (9) have 
demonstrated that a considerable part of the nitrogen in the pe- 
troleum ether-soluble fraction of the alcohol-ether extract of blood 
is non-lipid in nature, much of it being urea. It is obvious there- 
fore that the N:P ratio in such extracts is of no value as an index 
of the nature of the lipids present. 

About 2 years ago the Kirk procedure! was applied to a study of 
the changes in the lecithin, cephalin, and sphingomyelin contents 
of blood in conditions in which pronounced changes of the total 
phospholipid had been observed. With fairly pure brain sphingo- 
myelin, we confirmed the finding that sphingomyelin was com- 
pletely insoluble in moist ether after precipitation by acetone and 
magnesium chloride. When the method was applied to extracts of 
blood plasma, there was excellent agreement between duplicates 
and the relative proportions of the lecithins, cephalins, and sphin- 
gomyelins in blood plasma were more uniform from one individual 
to another than had been found by Kirk (6). 

In due time, the solution of magnesium chloride had to be 
replenished. For several successive analyses the concentration of 
the solution used increased from one analysis to another. In these 
analyses, higher and much less consistent values for the ether- 
insoluble phospholipids in blood plasma were obtained instead of 
the low and uniform values found previously. We were led to 
suspect, therefore, a relationship between the percentage of ether- 
insoluble phospholipids and the amount of magnesium chloride 
added to the acetone to bring about precipitation. Accordingly 


1 With Mr. E. J. Hanna an attempt was made to apply the method of 
Thannhauser and Setz (10) without success. 
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we undertook a detailed study of this point, the results of which 
are described in this paper. 

Kirk (5) copied Bloor (3) in prescribing that the phospho- 
lipids should be precipitated from petroleum ether solution with 
? cc. of acetone and 3 drops of a saturated solution of magnesium 
chloride in 95 per cent alcohol. However Boyd (11) for his lipid 
analyses on blood uses 7 cc. of acetone and 0.1 cc. of 30 per cent 
magnesium chloride in 95 per cent alcohol. Accordingly both con- 
centrations of magnesium chloride were employed. 

In brief, this study has made it clear that the amount and con- 
centration of the magnesium chloride solution used have a pro- 
found effect on the accuracy and the significance of the results 
obtained by methods that involve precipitation of the phospho- 
lipids by acetone. The percentage of ether-insoluble phospho- 
lipids is a function, more or less linear, of the amount of magnesium 
chloride added. However, the source of the phospholipid is also 
of great importance. All other conditions being constant, the per- 
centage of ether-insoluble phospholipid may reach about 90 to 100 
per cent of the total phospholipid of blood plasma and yet it rarely 
exceeds 20 per cent of the phospholipid of various tissues. The 
N:P ratios of the total phospholipid and of the ether-insoluble 
fraction indicate that the latter does not consist primarily of 
sphingomyelins but rather is merely a portion of the mixture of 
phospholipids present. 


EXPERIMENTAL 


Phosphorus was determined by the method of Fiske and Sub- 
barow (12), perchloric acid (13) being used for digestion. A Klett- 
Summerson photoelectric colorimeter was used. Nitrogen was 
determined by the micro-Kjeldahl method. Choline was deter- 
mined by the method of Brante (14), slightly modified. 

All solvents were redistilled. Acetone was dried over drierite 
or anhydrous calcium chloride. 


Experiments with Saturated Magnesium Chloride* 
On Plasma Extracts—A suitable volume of heparinized plasma 
from a normal man and from a dog was extracted with about 20 


* The saturated solution of magnesium chloride was prepared as follows: 
10 cc. of alcohol were pipetted into a weighed glass-stoppered flask and 
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volumes of 3:1 alcohol-ether and filtered. The proteins were 
washed several times with small amounts of alcohol-ether and the 
filtrate made up to a suitable volume. An aliquot was taken for 
phosphorus determination. The remainder was evaporated to 
dryness at 40° under reduced pressure and in a continuous small 
stream of nitrogen. The residue was repeatedly extracted with 
petroleum ether and, in the case of human plasma, by chloroform 
as well. The centrifuged extract was made to volume. An 
aliquot was taken for phosphorus determination and then suitable 
aliquots were pipetted into a series of 15 cc. centrifuge tubes. The 
petroleum ether was evaporated to 1 cc. in a stream of nitrogen. 
If chloroform was also present, all solvent was evaporated and the 
residue was dissolved in 1 cc. of petroleum ether. To each tube 
7 cc. of acetone were added and then 0, 1, 2, ete., drops of the 
saturated magnesium chloride solution. After being vigorously 
stirred, the tubes were stoppered and set away in the refrigerator 
for at least 2 hours and generally overnight. 

The tubes were centrifuged. The acetone was poured off, and 
the tube rinsed with 3 ec. of cold acetone. Now, 5 ce. of freshly 
distilled ether, saturated with water, were added and the contents 
of the tube were thoroughly stirred with the ether. The tubes 
stood for at least 10 minutes, generally longer, and then were 
centrifuged. The clear ether solution was carefully aspirated into 
a 25 X 200 mm. test-tube for phosphorus determination. Another 
3 ce. of moist ether were added to each centrifuge tube, and the 
stirring, standing, and centrifuging were repeated. The ether was 
added to the first lot. 

The contents of the centrifuge tube, consisting of a clear drop of 


weighed. Enough MgCl,-6H,O was added to approximate but not make a 
saturated solution, and the flask again weighed. When the salt had com- 
pletely dissolved, successive small amounts of MgCl,-6H,O were added, 
until a small excess remained undissolved. Thus, the weight of MgCl: 
6H,O, within less than 1 per cent, required to saturate 10 cc. of aleohol was 
determined. This method avoided the uncertainty of determining the 
concentration by evaporating and drying a portion of the saturated solu- 
tion. At the prevailing room temperature, 10 cc. of aleohol dissolved 9.40 
gm. of MgCl,.-6H,O. From the total weight and the specific gravity, it 
was found that 1 cc. of the saturated solution contained 596 mg. of 
MgCl;-6H,O. Since the pipette used delivered 56 drops per cc., each drop 
carried 10.7 mg. of MgCl,-6H,0. 
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water with a whitish layer on top, were transferred with several 
volumes of hot alcohol to a 25 X 200 mm. test-tube for combustion. 

The results are shown in Figs. 1 and 2. The total acetone- 
insoluble phospholipid (A. I. P.) is the sum of the phosphorus in 
the ether-soluble and ether-insoluble fractions (E. I. P). Both 
the A. I. P. and the E. I. P. are expressed as a percentage of the 
total lipoid P, as determined on an aliquot of the petroleum ether 
extract. Thus values above 100 per cent are due to the summation 
sof experimental errors. 


HUMAN PLASMA 
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PERCENTAGE DISTRIBUTION OF PHOSPHORUS 
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Fic. 1. Effect of amount and concentration of magnesium chloride solu- 
tion on solubility of phospholipids in acetone and in moist ether. Experi- 
ment with human plasma. Each aliquot contained 0.0629 mg. of phos- 
phorus. A. I. P., acetone-insoluble phospholipid; E. I. P., ether-insoluble 
phospholipid. Dash lines, saturated magnesium chloride; solid lines, 30 
per cent magnesium chloride solution. 


On Phospholipids Isolated from Ox Serum and from Rat Tissues— 
Rat organs were ground with crushed glass and extracted by re- 
fluxing twice with 95 per cent alcohol and once with ethyl ether. 
The combined extracts were evaporated to dryness below 50° 
under reduced pressure. The residue was thoroughly extracted 
with ether. After removal of the suspended ether-insoluble ma- 
terial by centrifuging, the ether solution was concentrated in a 
stream of nitrogen and several volumes of acetone were added. 
No magnesium chloride was added. The acetone-insoluble frac- 
tion was redissolved in ether and reprecipitated with acetone. 





ce eee 


ee 


ee 


oN ee a Rte 


patter oa 


Fn oe ee ee 


ia an ee 





664 Ether-Insoluble Phospholipids 


This crude mixed phospholipid was then dissolved in ether and 
aliquots taken for weighing and analysis and for the precipitation 
experiments. The ethyl ether was evaporated and the residue 
taken up in 1 ce. of petroleum ether. 

The nitrogen and phosphorus analyses are given in the legends 
to Figs. 3, 4, and 5 which show the yields of A. I. P. and of E. I. P. 
with increase in the amount of saturated magnesium chloride solu- 
tion. It is quite obvious that the yields of E. I. P. from rat tissue 
phospholipids were much smaller than with human and dog 
plasmas. However, they were all alike in that the percentage of 


DOG PLASMA 
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Fic. 2. Experiment with dog plasma. Each aliquot contained 0.0663 


mg. of phosphorus. A. I. P., acetone-insoluble phospholipid; E. I. P., 
ether-insoluble phospholipid. Dash lines, saturated magnesium chloride; 
solid lines, 30 per cent magnesium chloride solution. 


E. I. P. increased with increase in the amount of magnesium 
chloride. 

It is interesting that the total acetone-insoluble lipid of brain 
was the only fissue preparation to give a measurable amount of 
E. I. P. in the absence of any magnesium chloride. And yet, with 
magnesium chloride, rat liver phospholipids gave practically the 
same yield of E. I. P. as did the acetone-insoluble lipids of the 
brain. Removal of the “protagon” that settled out of the brain 
lipids on standing in ether solution in the cold materially decreased 
the percentage of FE. I. P. (ef. Figs. 4, B and 5). 

Experiments were next carried out with phospholipid isolated 
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Fic. 3, A. Experiment with phospholipid isolated from rat kidneys. 
Analysis, N 3.11, P 3.38; N:P 2.04. Each aliquot contained 0.0639 mg. of 
phosphorus. 

Fic. 3, B. Experiment with phospholipid isolated from rat hearts. 
Analysis, N 2.25, P 3.27; N:P 1.52. Each aliquot contained 0.0508 mg. of 
phosphorus. A. I. P., acetone-insoluble phospholipid; E. 1. P., ether- 
insoluble phospholipid. Dash lines, saturated magnesium chloride; solid 
lines, 30 per cent magnesium chloride solution. 
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Fic. 4, A. Experiment with phospholipid isolated from rat livers. An- 
alysis, N 2.45, P 3.08; N:P 1.76. Each aliquot contained 0.0500 mg. of 
phosphorus. 

Fic. 4, & Experiment with total acetone-insoluble lipids isolated from 
rat brains. Analysis, P 2.62. Each aliquot contained 0.0434 mg. of phos- 
phorus. A. I. P., acetone-insoluble phospholipid; E. I. P., ether-insoluble 
phospholipid. Dash lines, saturated magnesium chloride; solid lines, 30 
per cent magnesium chloride solution. 
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from ox serum, and thus still more comparable with that from 
tissues. Except for the extraction of the serum with 3:1 alcohol- 
ether, the method of isolation of serum phospholipids was the same 
as that used with tissues. Unpublished data show that the pre- 
cipitation of serum phospholipids by acetone without magnesium 
chloride was less complete than in the case of tissue phospholipids, 

The results of the experiments with ox serum phospholipid are 
shown in Figs. 6 and 7. It is quite clear that the behavior of the 
isolated phospholipid is essentially the same as in plasma extracts. 
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Fic. 5. Experiment with the ether-soluble fraction of the acetone- 
insoluble lipids isolated from rat brains. Analysis, P 3.28. Each aliquot 
contained 0.0527 mg. of phosphorus. A. I. P., acetone-insoluble phospho- 
lipid; E. I. P., ether-insoluble phospholipid. Dash lines, saturated mag- 
nesium chloride; solid lines, 30 per cent magnesium chloride solution. 


Experiments with 30 Per Cent Magnestum Chloride Solution® 

These experiments were carried out concurrently with those 
already described. The yields of A. I. P. and of E. I. P. are 
shown in Figs. 1 to 7. 

These experiments with 30 per cent magnesium chloride show 
that the alcohol which is used as a vehicle tends to inhibit the 
precipitation of phospholipids. 

In the two instances in which it was tried (Fig. 3), 0.05 ec. of 30 
per cent magnesium chloride in 7 cc. of acetone produced maximum 


* The 30 per cent solution was prepared by dissolving 15 gm. of MgCl: 
6H,O in 95 per cent alcohol and bringing to 50 cc. 
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precipitation, although in one case it was only 90 per cent com- 
plete. In general it may be said that with volumes up to 0.2 ce. 


OX SERUM PHOSPHOLIPID 
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Fic.6. Experiment with phospholipid isolated from oxserum. Analysis, 
N 2.80, P 1.90; N:P 3.27. Each aliquot contained 0.0501 mg. of phosphorus. 
A. I. P., acetone-insoluble phospholipid; E. I. P., ether-insoluble phospho- 
lipid. Dash lines, saturated magnesium chloride; solid lines, 30 per cent 
magnesium chloride solution. 
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Fic.7. Experiment with phospholipid isolated from oxserum. Analysis, 
N 2.57, P 2.25; N:P 2.53. Each aliquot contained 0.0366 mg. of phosphorus. 
A. I. P., acetone-insoluble phospholipid; E. I. P., ether-insoluble phospho- 
lipid. Dash lines, saturated magnesium chloride; solid lines, 30 per cent 
magnesium chloride solution. 
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the effect of the magnesium chloride is dominant; above 0.2 ee, 
the inhibitory effect of the alcohol becomes dominant. At the 
same time, the percentage of E. I. P., in that precipitated, steadily 
increases with the increase in amount of magnesium chloride added, 
even though the actual amount increases and then declines. Con- 
sequently, with about 0.6 cc. all of the phospholipid precipitated 
is insoluble in moist ether. 

In the case of the tissue phospholipids, the yield of E. I. P. 
depends only on the amount of magnesium chloride added; the 
concentration, at least as between 30 per cent and saturated, has 
no effect. With plasma phospholipids, on the other hand, the 
differences in the percentage of E. I. P. with the same amount of 
magnesium chloride are quite considerable. There does not seem 
to be any explanation for these differences or their irregularity. 


N:P Ratios of Plasma Extracts and of Ether-Insoluble Phospholipids 

These experiments were carried out in order to determine 
whether or not the separation of phospholipids into the ether- 
soluble and ether-insoluble fractions actually produced a chemical 
fractionation. 

As stated earlier, the determination of the N:P ratio on ordinary 
blood extracts is useless. However, Folch and Van Slyke (15) 
have introduced the method of precipitating the proteins and 
lipids with colloidal iron and magnesium sulfate, washing with 
water to remove non-lipid nitrogenous substances, and then ex- 
tracting the lipids with alcohol and ether. The Folch-Van Slyke 
method was used on one sample each of dog and ox plasma. The 
alcohol-ether extract was evaporated to dryness at 40° in a stream 
of nitrogen and the residue was extracted with petroleum ether. 
Aliquots of this extract were taken for nitrogen, phosphorus, and 
choline analyses. Another aliquot, containing 0.675 mg. of lipoid 
P in the experiment on ox serum and 1.428 mg. of lipoid P in the 
experiment on dog plasma, was evaporated to 4 cc. and then 28 ce. 
of acetone and 48 drops of saturated magnesium chloride were 
added. The same procedure as that described above was followed, 
all volumes being multiplied by 4. The E. I. P. was also analyzed 
for nitrogen and phosphorus. 

The results are given in Table I. The N:P ratios of the purified 
lipids show that, at the most, 47 per cent of the phospholipids of 
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the ox serum and 35 per cent of the phospholipids of the dog 
plasma consisted of sphingomyelins. And yet, on precipitation 
with acetone and magnesium chloride, 100 and 89 per cent, respec- 
tively, of the phospholipids were insoluble in moist ether. Clearly, 
the E. I. P. did not consist exclusively or mainly of sphingomyelins. 
Indeed, the N:P ratio of the E. I. P. was actually lower in both 
instances than the N:P ratio of the total phospholipids. 

It should perhaps be pointed out that extraction by the Folch- 
Van Slyke method followed by solution in petroleum ether resulted 














TABLE I 
N:P Ratios of Plasma Extracts and of Ether-Insoluble Phospholipids 
Ether- 
Aleo- Petroleum ether-soluble insoluble 
— fraction 
method ot — | primgs {athe |} ——} 
extraction P per | P per a | Cho- -P 
- < | ae. 100 ce. ratio | line: P ratio 
P asma | plasma plasma | | ratio 
aie _ —| ’ reteset 0 scsiadiase Raiagniones 
| mg. mg. mg. | pn 
Ordinary alco- 
hol-ether Ox serum 3.74, 3.48 
Folch-VanSlyke.| “ “ 3.22} 2.81] 8.8 | 1.47 | 0.80 | 101 | 1.37 
Ordinary alco- 
hol-ether Dog plasma! 14.01} 13.18} 45.2 | 3.98 | 0.88*} 33 | 5.89 
Foleh-VanSlyke. “  “ 11.91] 37.2 | 1.35 | 0.80*} 89 | 1.24 




















* It is likely that one or other of these ratios is in error. The decrease 
from 0.88 to 0.80 would mean an absolute as well as relative increase in the 
cephalin content. 


in a significant decrease from the amount of phosphorus extracted 
in the usual way by alcohol-ether and then by petroleumether. 


SUMMARY 


1. Under the standard conditions employed (0.3 to 2 mg. of 
phospholipid in 1 ec. of petroleum ether and 7 cc. of acetone), 
acetone alone precipitated about 40 to 70 per cent of the phos- 
pholipid of plasma and tissues. Addition of 1 drop of satu- 
rated or 0.1 ec. of 30 per cent MgCl.-6H2O in 95 per cent alcohol 
brought about complete precipitation. With more than 0.2 cc. of 
30 per cent MgCl.-6H2O, precipitation again became incomplete. 

2. In the absence of MgCl,-6H,0O, all of the tissue phospholipid 
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670 Ether-Insoluble Phospholipids 


and most of the plasma phospholipid that was precipitated were 
soluble in moist ether. With the addition of MgCl,-6H,O, the 
percentage of ether-insoluble phospholipid increased in proportion 
to the amount of salt used. A maximum of about 20 per cent of 
the tissue phospholipid and about 90 per cent of the plasma 
phospholipid became insoluble in moist ether. 

3. N:P ratios of plasma phospholipids and of the ether-insoluble 
fractions show that the latter do not consist solely or even mainly 
of sphingomyelins. The data indicate that the ether-insoluble 
fraction is simply a portion of the whole mixture of phospholipids. 

4. These findings have an important bearing on the accuracy 
and significance of the results obtained with methods that involve 


precipitation of the phospholipids. 
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In an earlier paper of this series (1) a comparison was made of 
the physical and analytical constants of samples of methyl arachi- 
donate prepared by crystallization and distillation with those 
prepared by reduction of the octabromide. Low polybromide 
numbers of the latter preparations indicated some contamination 
by geometrical isomers, such impurities later being shown to exist 
in the case of linoleic and linolenic acids to the extent of 10 to 15 
per cent of preparations made by debromination (2). The mate- 
rial prepared by crystallization followed by fractional distillation, 
however, was only 95 per cent pure (as indicated by the iodine 
number) and both samples exhibited diene numbers indicative 
of the presence of about 5 per cent of a conjugated acid, although 
rearrangement of methyl arachidonate to that extent under the 
conditions of the diene number determination was not precluded. 

In order to establish the nature of the contaminating substances, 
a more critical study of the crystallization procedure and a spectro- 
scopic examination of the products obtained is now reported. The 
alkali isomerization of arachidonic acid has also been followed 
spectroscopically, the results permitting certain observations per- 
tinent to the structure of arachidonic acid. The conclusions with 
regard to this structure will be reported in Paper X of this series. 


* Presented in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in the Gradute School of The Ohio State University. 
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672 Chemistry of Fatty Acids. IX 


EXPERIMENTAL 


Preparation of Methyl Arachidonate—The source material used 
was the phosphatide fraction of the lipids of beef suprarenals.! 
Conversion of the fatty acids to methyl esters and preparation 
of methyl arachidonate by reduction of the octabromide were 
accomplished by essentially the same procedure as that reported 
by Shinowara and Brown (1). In the preparations made by 
purely physical means, their methods were also employed for the 
concentration of the methyl arachidonate in the filtrates obtained 
by crystallization at low temperature. The concentrate of methyl 
arachidonate was fractionally distilled at 1.0 to 2.0 mm. through 
a column 65 em. long and 25 mm. inside diameter packed with 
single turn glass helices and equipped with a heating jacket con- 
trolled by a variable transformer. The column was connected 
with a multiple receiver enabling the fractions to be changed 
without disturbing the distillation and preventing air from entering 
the system. Mercury-sealed ground glass joints were used 
throughout and the system was thoroughly flushed out with an 
inert gas such as methane or nitrogen before commencement of 
the distillation. A reflux ratio of about 3:1 and a rate of distilla- 
tion of about 60 gm. per hour were maintained. A longer column 
(100 cm.) of similar design was found to give a product of no 
greater purity and consequently was not further used, since the 
higher temperatures required in the distilling flask sharply in- 
creased the amount of polymerized residue. The desired product 
distilled at nearly constant temperature, usually in the vicinity 
of 163°, depending on the vacuum obtained. In this manner some 
500 gm. of 94 to 95 per cent methyl arachidonate were prepared. 

A graphical analysis of the course of the distillation is shown 
in Fig. 1. A linear relationship between refractive index and 
mole fractions (as measured by iodine number) is to be expected 
in a two component system where a nearly perfect solution is 
formed. The lower boiling fractions are found to lie on such a 
line which if extrapolated to iodine number 85.6 (theory for methyl 
oleate) will pass exactly through the known refractive index for 
methyl oleate; 7.e., 1.4522. The presence of oleic acid in large 
quantity in this source material has previously been reported (3). 


1 Courtesy of Oliver Kamm of Parke, Davis and Company. 
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Extrapolation of the line on which the low boiling fractions lie to 
iodine number 319.0 (theory for methyl arachidonate) gives the 
refractive index for 100 per cent methyl arachidonate. In addi- 
tion to the lower boiling component, methyl oleate, there is a 
higher boiling component, fractions of which lie on a second line 
upon which extrapolation to iodine number 319.0 intersects the 
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Fic. 1. Graphical analysis of the course of fractional distillations in- 
volved in the preparation of methyl arachidonate. 


point representing the refractive index of pure methyl arachi- 
donate. This higher boiling, viscous, yellow material was not 
isolated in a pure state, but determinations of its absorption 
spectrum, iodine number, molecular refraction, molecular weight, 
and carbon and hydrogen content indicated that it was mostly an 
oxidized (and possibly isomerized) form of methyl arachidonate. 
The assumption that at least part of this material has had only 
one double bond destroyed by oxidation and the arbitrary assign- 
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ment of iodine number 226.5 to the higher boiling substance 
permit the construction of isopercentile lines and the approximate 
evaluation of fractions lying inside the triangle defined by the 
three components. 

A comparison of the physical and analytical constants of the 
95 per cent product calculated to 100 per cent purity with those 
of the best samples prepared by debromination is given in Table I. 
The significance of these values will be discussed later. 


TABLE | 


Physical and Analytical Constants of Methyl Arachidonate Prepared by 
Different Methods 








Crystallization and 
, distillation 
Constant ee — ——— Sauteed Theory 
to 100 per | 
cent purity 
lodine No....... _.| 319.0* | 308.0 319.0 | 319.0 
"en aes 1.4824*, 1.4800 1.4813 | 
A eee - 0.9098 | 0.9066 0.9082 
Sk reer 318.0* 317.0 318.1 | 318.5 
Molecular refraction 99.88 | 99.76 99.05 
Polybromide No  86.3* 88.1 92.7 
Thiocyanogen “...... soc) Coe 159.0 163.1 | 159.5 
Diene No. eee SO Mie o5* 
EN? at 235 mp....... eae 12.9 | #3 
ger. barren ee 3.5 2.5 
Se ancans 2 1.7 0.1 





* From Shinowara and Brown (1). 
+ With the values of Swietoslowski (4). 
t For two double bonds. 


Alkali Isomerization of Arachidonic Acid—The alkali isomeriza- 
tion of arachidonic acid was studied to compare its behavior with 
that of linolenic acid which Kass and Burr (5) have isomerized to 
pseudoeleostearic acid (10,12,14-octadecatrienoic acid). The 
procedure employed was a modification of that used by them for 
linolenic acid isomerization. 20 gm. of 95 per cent methy!] arachi- 
donate were added to a like quantity of potassium hydroxide dis- 
solved in 100 cc. of ethylene glycol which had been placed in an 
egg-shaped 3-necked flask heated to 150° in an oil bath maintained 
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at that temperature. A stream of nitrogen bubbling through the 
solution provided agitation and prevented atmospheric oxidation. 
At intervals, 10 cc. aliquots were removed, the acids were re- 
covered, and the absorption spectrum measured in absolute alcohol 
solution. The instrument used was a Bausch and Lomb medium 
quartz spectrograph giving a linear dispersion from 210 to 700 
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Fic. 2. Spectroscopic changes in the alkali isomerization of arachidonic 
acid in ethylene glycol at 150°. 


mu of 2icm. This was equipped with a Hilger logarithmic sector 
photometer and details of the procedure used are given by Brode 
(6). A slit width of 0.10 mm. was employed except for the ex- 
tinction values lower than 230 mu, when it was increased 
to 0.30 mm. 

Fig. 2 shows the changes in absorption spectra as the double 
bonds assumed a conjugated configuration. The extinction 
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values at 235, 270, and 300 mu, representing the quantities of 
two, three, and four double bonds in conjugation respectively, 
are plotted against time in Fig. 3. It is noted that the rate of 
development (calculated from the initial slope) of the two and 
three bond system proceeds 7.1 and 5.1 times as fast respectively 
as that of the final four bond conjugated system. 

The product after 8 hours saponification was acidified and 
crystallized from petroleum ether solution at —20°, yielding fine 





1% 














Oo 4 4. 4. i 4 1 A 1 
6 8 





4 
Time in hours 


Fria. 3. Rates of formation of isomeric acids in the alkali isomerization 
of arachidonic acid. 


white plates melting at 88-96°, the melting point being raised 
by recrystallization from 95 per cent alcohol to 95-98°. 


Cy9H3,0, (304.4). Calculated, C 78.9, H 10.6; found, C 78.74, H 10.48 


Upon standing in contact with light and air the material oxidized 
and polymerized rapidly, becoming sticky and assuming a yellow- 
ish cast. After some time a portion, presumably a polymer, be- 
came relatively insoluble in hot alcohol. 

The isomerized acid, upon recrystallization, exhibited three well 
defined absorption maxima in absolute alcohol at frequencies of 
952, 1000, and 1048 f and an inflection at 1100 f with respective 
values of E1%,, of 2200, 2400, 1900, and 700. These bands cor- 
respond closely to the 20th, 21st, 22nd, and 23rd multiples of a 
fundamental infra-red band at 47.6 f and closely check the ab- 
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sorption spectra reported by Kuhn and Grundmann (7) for 
2,4,6,8-decatetrene (f = fresnel = vibrations per second X 10"). 


DISCUSSION 


The inability to obtain methyl arachidonate of purity greater 
than 95 per cent by distillation would seem to indicate either that 
the maximum efficiency of the column had been reached or that a 
constant boiling mixture of 95 per cent methyl arachidonate and 
5 per cent methyl oleate existed. The former explanation would 
seem to be discredited, since 95 per cent material has easily been 
obtained by Shinowara and Brown (1) by the use of a Claisen flask 
with a 25 cm. indented side arm and a 75 cm. vacuum-jacketed 
column as well as by the use of 65 cm. and 100 cm. packed columns 
in the present investigation. However, no final evidence for 
the existence of such an azeotropic mixture has been obtained. 

The data in Table I do not in general show appreciable differ- 
ences between the preparations made by reduction of the octa- 
bromide and those made by purely physical methods when con- 
tants for the latter are calculated to 100 per cent purity. 
Exaltation of the molecular refraction of the order of only 0.7 to 
0.8 should not be considered significant in view of the high mole- 
ular weight of methyl arachidonate, and this calculation rather 
substantiates previously determined diene number determinations 
which show that the amount of conjugation present is very small. 
A more sensitive examination for conjugation was afforded by the 
absorption spectra determinations which showed that neither 
sample contained more that 0.5 to 1.0 per cent conjugation. The 
spectrum of the sample prepared by debromination showed small 
maxima at 270 and 300 my indicative of the presence of slight 
traces of impurities containing three and four double bonds in 
conjugation respectively. This material undoubtedly arises in 
the debromination process through contact with zine bromide, 
since Turk (8) has shown that such compounds as magnesium 
chloride and zine bromide are effective catalysts for the rearrange- 
ment of the double bonds of diolefins to a conjugated position. 

The only significant difference between the products prepared 
by the two methods is in the polybromide number, acids obtained 
by debromination not being exactly characteristic in this respect 
of the naturally occurring acid (2). It is suggested that the cor- 
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rected value 91.8, which is the average of several samples prepared 
by physical methods, be substituted for the figure 86.5 in the for- 
mula of Ault and Brown (9) for the quantitative estimation of 
methyl arachidonate. 

In Fig. 3 it is noted that the rate of formation of the three bond 
conjugated system (270 my) is comparable to that reported by 
Kass and Burr (5) for the isomerization of linolenic acid. It would 
seem not unlikely, then, that the same | ,4,7-triene system present 
in linolenic acid is also present for at least three of the double bonds 
in arachidonic acid. 


SUMMARY 


1. A critical study of the method of isolating methyl arachi- 
donate by crystallization and distillation has been made and the 
product thus obtained compared with that prepared by reduction 
of the octabromide. 

2. The absorption spectra of these samples show even better 
than the diene number and molecular refraction that these sam- 
ples are relatively free from conjugated unsaturation. 

3. A correction has been recommended for the empirical factor 
in the equation for the estimation of methyl arachidonate by 
the polybromide number. 

4. The kinetics of the alkali isomerization of arachidonic acid 
have been followed spectroscopically and the similarity to the 
behavior of the 1 ,4,7-triene system present in linolenic acid noted. 

5. The alkali isomerization product of arachidonic acid has been 


described. 
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(Received for publication, October 31, 1941) 


Increasing interest in the structure of arachidonic acid has been 
aroused in recent years through the establishment (1, 2) of the 
fact that it is the most potent of the several unsaturated fatty 
acids reported to have a curative effect on the fat deficiency dis- 
ease of rats. Some evidence has been offered by Nunn and 
Smedley-MacLean (3) that linoleic acid is the precursor of arachi- 
donic acid, the latter being in the opinion of these authors the 
substance which is closely associated with the ability of the ani- 
mal to store fat. 

The degree and type of unsaturation of arachidonic acid have 
been well established by iodine number titrations, analyses of 
the octabromo and octahydrexy addition compounds, diene num- 
ber determinations, and spectroscopic data (4-6). These data 
together with the demonstrated relationship of arachidonic acid 
to n-eicosanoic acid indicate a normal monobasic 20-carbon fatty 
acid possessing four double bonds, none of which is conjugated 
or closer to the carboxyl group than the 5-6 position, since the 
theoretical iodine number is easily obtained. 

The present investigation is a continuation of the work initi- 
ated by Shinowara and Brown, who stated in a preliminary re- 
port (5) that the isolation of acetaldehyde, acetic acid, succinic 
acid, and a substance appearing to be adipic acid from degrada- 
tions by ozonolysis and by oxidation with potassium perman- 


* Presented in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in the Graduate School of The Ohio State University. 
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ganate in acetone solution indicated that the most probable struc- 
ture was 6,10,14,18-eicosatetrenoic acid, a formula which they 
emphasized was only tentative. Several months before the com- 
pletion of the present study, there appeared another preliminary 
communication on the structure of arachidonic acid by Dolby, 
Nunn, and Smedley-MacLean (7). Upon admittedly incom- 
plete evidence based on an aqueous alkaline permanganate oxi- 
dation of arachidonic acid from which oxalic acid was definitely 
characterized and indications of the presence of glutaric, succinic, 
caproic, valeric, and formic acids were obtained, these authors 
suggested that the structure was 5,8,11,14-eicosatetrenoic acid, 
a formula which nicely accomodated their hypothesis mentioned 
above that linoleic acid is the precursor of arachidonic acid in 
the animal body. 

In the present paper are reported the results of three degrada- 
tions of methyl arachidonate, two by ozonolysis and one by oxi- 
dation with potassium permanganate in acetone solution, to- 
gether with a study of the selective hydrogenation of methyl 
arachidonate. The principal difficulty of the previous investiga- 
tions (5, 7) seemed to lie in the fact that insufficient quantities 
of degradation products were obtained for definite isolation and 
characterization, a situation arising either from low yields or an 
insufficient quantity of starting material. In the present work, 
relatively large samples were used in each degradative experiment 
and certain modifications of the usual procedures were employed 
to insure better yields. In the ozonolysis experiments, the ozoni- 
zation was conducted at dry ice temperatures in order to mini- 
mize if possible the attack upon the double bonds by molecular 
oxygen, an undesirable reaction which results in unhydrolyzable 
peroxides and polymers. A method of oxidative hydrolysis of 
the ozonide with hydrogen peroxide was also employed to simplify 
the types of products obtained and eliminate aldehyde polymeri- 
zation. The acids were characterized by boiling point or melting 
point, neutral equivalent, and melting point and mixed melting 
point of at least two derivatives of which the amide and phenacyl, 
p-bromophenacyl, and p-nitrobenzyl esters were commonly used. 
When authentic samples of derivatives were not available for 
comparison by mixed melting point, the identity of the acid was 
confirmed by ultimate analysis of the acid and one derivative. 
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In Table I are given the quantities of products isolated from 
the three degradations of methyl arachidonate and their percent- 
age yields calculated on a molar basis. In the first ozonolysis 
and acetone-permanganate degradations, samples of the 95 per 
cent methyl arachidonate prepared by crystallization and dis- 
tillation as described in the preceding report of this series (6) 
were used as the starting material. In the second ozonolysis ex- 
periment a sample prepared by reduction of the octabromide was 
employed. 

TABLE I 
Products of Oxidative Degradation of Methyl Arachidonate 


Ozonolysis I, Acetone- 








Product | Ozonolysis I, 110.0 gm. 48.0 gm. KMnOi, 39.0 gm. 
| om. oO eo 
Malonic acid 1.2 S 
Carbon dioxide ° >200 10.5 | 157 
Acetaldehyde Qualitatively only | 4.9 74 
Acetic acid 10.4 49 4.5 50 
Oxalic “ 5.3 39 
Caproie “ 9.5 24 | 5.4 31/38 | 2 
Glutaric ‘ 18.8 41 4.4t 22 | 7.5 49 
Succinic ‘‘ bisistd 4.6 ll 6.3§ 35 | 5.1 | 38 


* Estimated from rate of evolution. 

t As sodium bisulfite addition compound. 

t Includes 1.7 gm. of probable monomethy!] glutarate. 
§ Includes 1.6 gm. of probable monomethy! succinate. 


Under ordinary conditions of ozonide hydrolysis in boiling 
water malonic acid and its semialdehyde decompose to give car- 
bon dioxide, acetic acid, and acetaldehyde, while under the con- 
ditions of the acetone-permanganate degradations, oxalic acid is 
formed as a secondary decomposition product. Inasmuch as glu- 
taric acid, and to a lesser extent succinic acid, was found to yield 
carbon dioxide when treated with 5 per cent hydrogen peroxide 
in boiling water, the determination of carbon dioxide evolution 
was made prior to the introduction of the oxidizing agent into 
the hydrolysis flask, so thaf it would be a valid index of the num- 
ber of —CH—CH.:—CH= fragments present in the original 
molecule. 
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In the first ozonolysis experiment the yield of carbon dioxide 
was estimated from the rate of evolution of comparable molar 
quantities of malonic acid in boiling water and the amount of 
acetaldehyde was not quantitatively determined. In the second 
ozonolysis experiment preliminary hydrolysis was carried out for 
36 hours below the decomposition temperature of malonic acid 
solutions and the liberated malonic acid was recovered. Only 
partial hydrolysis was expected in this short a time, since Erd- 
mann, Bedford, and Raspe (8) reported only 30 per cent yields 
of malonic acid from linolenic acid ozonide after 9 days of similar 
hydrolysis. The remaining unattacked ozonide was then de- 
composed in the usual fashion, the total quantity of carbon dioxide 
evolved being determined instead of estimated as before. It was 
felt that the relatively low yields in the first experiment may 
have been due in part to incomplete oxidation of the aldehydes; 
so a much more vigorous hydrogen peroxide treatment was given, 
the net result, however, being an increase in the ratio of succinic 
to glutaric acid found. In this connection it might be pointed 
out that in the blank determinations of the stability of glutaric 
acid to the conditions of hydrogen peroxide hydrolysis mentioned 
above, succinic acid was readily identified as a decomposition 
product. Its isolation in the experiments on methyl! arachidonate, 
therefore, was not necessarily an indication of the presence of 
the —=CH—(CH:)-—CH= fragment in the original molecule. 
Since both the =CH—(CH2).-—COOCH; and =CH—(CH:);— 
COOCH; groups could not have been present, the view that the 
succinic acid arose wholly from secondary decomposition of glu- 
taric acid was somewhat substantiated by indications of both 
monomethy] succinate and monomethy] glutarate, although def- 
inite proof of the presence of these substances was lacking. 

The results of these three degradations led to the following 
conclusions regarding the structure of arachidonic acid, (1) the 
presence of the =CH—(CH:2),—CH,; fragment placing the ter- 
minal double bond in the 14-15 position as evidenced by the isola- 
tion of caproic acid, (2) the presence of two or three =CH—CH-- 
—CH= fragments as evidenced by the isolation of malonic acid 
and its secondary decomposition products acetaldehyde, acetic 
acid, oxalic acid, and carbon dioxide, (3) the presence of the 
=CH—(CH:);—CH= or the =CH—(CH:);—COOH fragment 
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as evidenced by the isolation of glutaric acid. In view of the 
facts that the iodine number would be low if the first double 
bond were closer to the carboxyl than the 5-6 position (9) and 
that the acid contains no conjugated unsaturation (6), the only 
possible configuration to assign for arachidonic acid is 5,8,11,14- 
eicosatetrenoic acid, a confirmation of the proposal of Dolby, 
Nunn, and Smedley-MacLean (7). We prefer to regard the suc- 
cinic acid as arising from secondary decomposition of the glu- 
taric acid, although its derivation in part from a small quantity 
of an isomeric ester is not precluded. 
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Fie. 1. Hydrogenation of methyl arachidonate at 82° with nickel-on- 
kieselguhr catalyst. Solid line, O iodine No. found, @ iodine No. calcu- 
lated from hydrogen absorption; broken line, O thiocyanogen No. found. 


In order to obtain further confirmation of this assignment of 
structure a study of the catalytic hydrogenation of methyl arachi- 
donate was undertaken. When platinum black was used as a 
catalyst, 4 moles of hydrogen were rapidly absorbed at room tem- 
perature and atmospheric pressure with no indication of selec- 
tivity of action. With a catalyst of nickel supported on kiesel- 
guhr at 3 atmospheres pressure at 70-80° absorption took place 
in two distinct stages, as noted in Fig. 1, two of the double bonds 
apparently reacting some 15 times faster than the other two 
double bonds. The measured absorption of hydrogen was found 
to check within 1 to 2 per cent with the iodine number of the 
product. 
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Ozonolysis of 24.0 gm. of the intermediate diethylenic reduc- 
tion product which had been purified somewhat by crystallization 
at low temperature gave the yields indicated in Table II. If the 
succinic acid arose from secondary decomposition of glutaric acid 
by hydrogen peroxide, the ratio of the quantity of these two 
acids to the amount of suberic acid indicated that the diethylenic 
acid was composed of 80 to 90 per cent 5,14-eicosadienoic acid 
and 5 to 10 per cent 8,14-eicosadienoic acid. The presence of 
small amounts of a contaminating trienoic acid was indicated by 
the traces of malonic acid secondary decomposition products and 
was expected from the iodine number of the starting material 





TaBLe Ii 
Yields on Ozonolysis of 24 Gm. of Intermediate Diethylenic Reduction 
Product 
Product Weight Yield 
gm per cent 
Acetaldehyde Be Amount very small 
Acetic acid 7 0.33 7 
Carbon dioxide 0.57 17 
Caproie acid 4.4 51 
Succinic “ 0.7 8 
Glutarie 3.5 36 
Adipie acid 1.5 14 
Suberic ‘“‘ 0.4 3 
Azelaic ‘‘ 1.7 12 


which was slightly higher than the theory for methyl! eicosa- 
dienoate. This indication that the double bonds most reactive 
to hydrogen are the central ones paralleled the results of van der 
Veen (10) whose studies on linolenic acid showed that the 12-13 
or middle double bond was reduced most rapidly. More significant, 
of course, was the confirmation afforded the above assignment 
of structure to arachidonic acid. In this respect the identifica- 
tion of adipic, suberic, and azelaic acids further substantiated 
the identity and relative positions of the fragments indicated by 
degradation of the unreduced ester. 

Preliminary, and as yet incomplete, experiments on the thio- 
cyanogen numbers of hydrocarbon dienes indicated that under 
customary analytical conditions (11) thiocyanogen attacks 
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1,4-, 1,5-, and 1 ,6-diene systems at approximately 1, 13, and 1% 
double bonds respectively. This would lead to the prediction 
that the thiocyanogen number of methyl arachidonate should 
undergo no appreciable change in the absorption of the first 2 
moles of hydrogen. This was found to be substantially true, 
as is seen in Fig. 1. 


EXPERIMENTAL 


Ozonolysis I—The ozonizer used! for this investigation has been 
described in detail by Wiest (12). A total of 110.0 gm. of 95 
per cent methyl arachidonate prepared by crystallization and 
distillation (6) in 500 cc. of methylene chloride was ozonized at 
dry ice temperatures and hydrolyzed in four batches to prevent 
excessive loss in case of explosion. The general procedure for 
the hydrolysis of the ozonide was as follows: The ozonide solution 
and about 3 times its volume of water were placed in a 3-necked 
flask equipped with a mercury-sealed stirrer, an inlet tube for a 
slow stream of carbon dioxide-free air, a dropping funnel, and a 
reflux condenser leading in succession to two dry ice-cooled traps 
to condense the solvent (b.p. 41°) and any volatile decomposition 
products, a sulfuric acid bubbler, drierite tube, ascarite absorp- 
tion tube, and a drierite-ascarite guard tube. While vigorous 
stirring was maintained, the methylene chloride was removed by 
cautiously warming the suspension. ‘Then vigorous boiling of the 
aqueous suspension was maintained for 2 or more hours while 
the evolution of carbon dioxide was measured. A 50 per cent 
excess of a 30 per cent solution of hydrogen peroxide was slowly 
introduced through the dropping funnel and boiling continued 
for an hour longer. The solution was then steam-distilled and 
the distillate made alkaline, extracted with ether, and evaporated 
todryness. In this fashion the ozonide degradation products were 
divided into four main fractions, carbon dioxide as measured in 
the absorption tube, volatile products in the dry ice traps, steam 
distillate, and steam distillation residue. 

As mentioned earlier, the quantity of carbon dioxide evolved 
in this experiment was estimated from the rate of evolution. 0.1 
mole of malonic acid was found to evolve carbon dioxide at an 


‘ Courtesy of Professor A. L. Henne. 











686 Chemistry of Fatty Acids. X 


initial rate of 0.463 gm. per hour, while like quantities of the 
ozonide evolved 0.880 to 1.200 gm. per hour, indicating the pres- 
ence of two to three malonic acid fragments resulting from degra- 
dation of 1 molecule of the ester. 

The methylene chloride in the dry ice traps was washed suc- 
cessively with small portions of water, the aqueous solutions being 
neutral to litmus but giving positive tests with Schiff’s reagent 
and the fuchsin-aldehyde reagent. Positive results were given in 
a color test specific for acetaldehyde. In this test a deep blue 
color is developed when the aqueous solution is treated with so- 
dium nitroprusside and a secondary amine, in this case dibutyl- 
amine. The other normal aldehydes through caproaldehyde were 
found to give negative results. The 2,4-dinitrophenylhydrazone 
melted at 168° and was not depressed by an authentic sample, 
m.p. 168°. These data provided qualitative identification of 
acetaldehyde. 

The dry sodium salts of the steam distillate acids were placed 
in 85 per cent phosphoric acid and the free acids upon distillation 
formed two immiscible layers. These layers were redistilled sepa- 
ately, the upper layer acid boiling at 198-204°, neutral equiva- 
valent 114.3, amide m.p. 99-100°, p-bromophenacyl ester m.p. 
71.5-72.0°. The corresponding literature values for caproic acid 
are b.p. 205°, neutral equivalent 116.2, amide m.p. 101°, p- 
bromophenacyl ester m.p. 72°. No depressions of the melting 
points were observed when the samples were mixed. The lower 
aqueous layer was exhaustively extracted with ether, dried, the 
ether removed, and the residual acid was found to boil at 105- 
120°. The melting point of the p-bromophenacyl! ester, 84.5- 
84.9°, was not depressed by an authentic sample of p-bromo- 
phenacyl acetate, m.p. 85°. 

The steam distillation residue was evaporated to dryness, es- 
terified with methyl alcohol, and distilled through a short column 
at 2 mm. pressure, b.p. 147-170°. Hydrolysis of the ester gave 
a mixture of dibasic acids of neutral equivalent 65.5 (theory for 
glutaric acid 66.0, for succinic acid 59.0). The p-bromophenacyl 
esters were easily separated into two fractions, one melting at 
210-211° the other at 137°, the former being insoluble in hot 
alcohol. These melting points were not depressed by mixture 
with authentic samples of the succinate, m.p. 211°, and the glu- 
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tarate, m.p. 137°, respectively. The p-nitrobenzyl ester, m.p. 
68-69°, was not depressed by the known glutarate, m.p. 69°, nor 
was the phenacyl ester, m.p. 103°, depressed by an authentic 
sample of the glutarate, m.p. 104°. Knowledge of the identity 
of the acids in the mixture then permitted easy separation by 
virtue of the low solubility of succinic acid in chloroform and 
the acids were found to melt at 93-96° (glutaric acid 99°) and 
182-184° (succinic acid 185°). From the neutral equivalent of 
the mixture and the relative quantities of the two fractions ob- 
tained in the separation of the acids it was indicated that the 
ratio of glutaric to succinic acid was of the order of 4:1. 

Ozonolysis II—48 gm. of methyl arachidonate prepared by de- 
bromination of the octabromide (6) were ozonized as previously 
described. In this case the ozonide was hydrolyzed at 40-50° 
for 36 hours during which time no appreciable evolution of carbon 
dioxide or acetaldehyde was detected. After addition of 60 cc. 
of 30 per cent hydrogen peroxide the suspension was extracted 
with ether. 

The aqueous residue upon evaporation under a vacuum yielded 
3.2 gm. of a crude oily residue from which 1.2 gm. of a crystalline 
acid were obtained, m.p. 128-130°, undepressed by a sample of 
malonic acid, m.p. 130—131°. 


C;H,O,. Calculated. C 34.6, H 3.86, neutral equivalent 52.0 
Found. ** 34.95, “* 4.01, i a 52.6 


When heated above its melting point at 135-140°, the acid de- 
composed, leaving no residue. When it was boiled with acetic 
anhydride, an amber-colored solution developed which had a pro- 
nounced green fluorescence. Oxalic, succinic, glutaric, and adipic 
acids gave negative results in this sensitive test for malonic acid. 

The ether extract containing the bulk of the undecomposed 
ozonide was freed of solvent and rehydrolyzed in boiling water 
until the evolution of carbon dioxide had virtually ceased. Hy- 
drogen peroxide was then added dropwise until the aqueous sus- 
pension gave a negative test with Schiff’s aldehyde reagent, a 
process which required a large excess of the oxidizing agent (200 
cc. of 30 per cent solution). 

The acetaldehyde from the dry ice traps was precipitated as 
the bisulfite addition compound and weighed as such. Regenera- 
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tion of portions of aldehyde with hydrochloric acid enabled repe- 
tition of the qualitative tests mentioned earlier. 

The presence of caproic and acetic acids in the steam distillate 
was confirmed by essentially the same methods as previously de- 
scribed. 

Before evaporation of the steam distillation residue it was ex- 
tracted with an equal quantity of ether. The ether-soluble frac- 
tion was distilled at 5 mm., yielding a small quantity of a colorless 
liquid which solidified when cooled at 0°. Preparation of the 
p-bromophenacyl! esters yielded about equal quantities of the di- 
p-bromophenacyl succinate and glutarate. Since the boiling 
point and melting point of this ether-soluble fraction were far 
too low for a mixture of free succinic and glutaric acids, it was 
thought probable that this fraction consisted largely of a mixture 
of the monomethyl esters. Unsymmetrical methyl p-bromo- 
phenacyl esters of glutaric and succinic acids had been prepared 
and found to melt at 46.8° and 104.8° respectively (13) but the 
monomethyl esters of the acids could not be isolated from the 
degradation products in the form of these derivatives. 

From the water-soluble portion of the steam distillation residue 
were obtained succinic and glutaric acids which were isolated and 
identified as previously described. 

Acetone-Permanganate Degradation—47 gm. of the 95 per cent 
methyl arachidonate prepared by crystallization and distillation 
were oxidized in acetone by potassium permanganate by a modifi- 
cation of the method of Armstrong and Hilditch (14). The sample 
was placed in 2 liters of acetone and 500 gm. of finely powdered 
potassium permanganate were added in small portions, the mix- 
ture being refluxed after each addition and subsequently for 18 
hours. The acetone was then removed from the precipitated 
manganese dioxide and potassium salts by filtration and the cake 
allowed to dry. The acetone solution was freed of solvent, neu- 
tralized with dilute sodium hydroxide, and extracted with ether. 
The ether extract contained 8.0 gm. of neutral unchanged ester. 
The acetone-free cake was washed exhaustively with dilute so- 
dium hydroxide, a little sodium bisulfite being included in the first 
washings to reduce any unchanged potassium permanganate. 
The washings were combined with the aqueous alkaline solu- 
tion, concentrated, acidified with hydrochloric acid, and steam- 
distilled. 
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The steam distillate was extracted with ether and the caproic 
acid obtained was characterized by boiling point, neutral equiva- 
lent, and p-bromophenacy] ester as previously described. 

The aqueous solution of the steam distillation residue was 
purified somewhat by treatments with charcoal, evaporated to 
dryness, powdered in a mortar, and exhaustively extracted with 
chloroform from a Soxhlet apparatus. The crude extract had a 
neutral equivalent of 84.4 and readily yielded the p-bromophenacyl 
ester characteristic of glutaric acid. The residue was then thor- 
oughly extracted with ether, yielding a crude extract of neutral 
equivalent 67.0 which was found to be a mixture of succinic and 
oxalic acids. The percentage of oxalic acid was determined by 
precipitation of calcium oxalate and also by direct titration with 
standard permanganate solution. Since the formation of p- 
bromophenacy] oxalate is an extremely slow reaction, the succinate 
was easily prepared from the mixture of acids as well as from a 
portion from which oxalic acid had been removed as the insoluble 
calcium salt. 

Selective Hydrogenation—Considerable experimentation with 
catalysts, temperatures, and pressures of hydrogenation de- 
termined the conditions which are given below. In a Burgess- 
Parr laboratory hydrogenator at 82° in 100 cc. of absolute alcohol 
with 0.6 gm. of nickel-on-kieselguhr catalyst (40 per cent nickel), 
10.14 gm. of methyl arachidonate absorbed hydrogen, as shown 
in Fig. 1. The slope of the curve was quite reproducible and 
permitted identical runs to be stopped after various intervals and 
analyzed for iodineand thiocyanogen numbers. The iodine num- 
ber found usually checked the observed absorption of hydrogen 
within 1 to 2 per cent. A sample of 70.5 gm. of 95 per cent 
methyl arachidonate was reduced just short of the diethylenic 
stage and the product purified by crystallization from a 5 per 
cent solution in methyl alcohol. The four fractions obtained had 
the following iodine numbers. 


—20° ppt. 2.5 gm. 2.8 iodine No. 
— 40° cai 8.0 ce 62.0 ce ce 
—75° ‘ 29.5 “ —_—_ 
—75° filtrate 28.0 ‘“ 210.6 ys 


24 gm. of the —75° precipitate, iodine number 159.5 (theory for 
methyl eicosadienoate, 157.5), were ozonized and hydrolyzed as 
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previously described. Only 0.567 gm. of carbon dioxide was 
evolved. The dry ice trap contents gave the specific blue color 
test for acetaldehyde but the amount was so small that only a 
trace of the 2,4-dinitrophenylhydrazone was obtained. Steam 
distillation yielded caproic acid, which was characterized as be- 
fore, but only a small amount of acetic acid was observed by 
titration of the aqueous portion. 

The steam distillation residue was extracted with ether and 
from this fraction were recovered two acids, one soluble in chloro- 
form, m.p. 95-99°, which proved to be azelaic acid. 

CsH,.O;. Calculated. C 57.5, H 8.58, neutral equivalent 94.1 
Found. ** 57.14, “* 8.40, - “ 95.7 


The p-bromophenacyl ester melted at 130.2-130.6° (literature, 
131°). 
CosHoOcBr.. Calculated, C 51.6, H 4.51; found, C 51.34, H 4.42 


The other acid, insoluble in chloroform, m.p. 134—139°, proved to 
be suberic acid. 


CsH,,O,. Calculated. C 55.2, H 8.12, neutral equivalent 87.0 
Found. ** 55.05, “* 7.98, - “ 86.7 


The p-bromophenacy! ester melted at 143.0-143.5° (literature, 
144°). 


CyH»OsBrz. Calculated, C 50.8, H 4.26; found, C 50.64, H 4.23 


The water-soluble portion of the steam distillation residue con- 
tained three acids; the one soluble in chloroform was found to 
be glutaric acid, m.p. 93-96°, neutral equivalent 67.2, p-bromo- 
phenacyl ester, m.p. 135-136°, which was not depressed by an 
authentic sample. The chloroform-insoluble fraction was found 
to be a mixture of adipic and succinic acids; the p-bromophenacyl 
esters melting at 151—152° and 209-210° were easily separated by 
crystallization from alcohol, the latter being insoluble in the hot 
solvent. The melting points were not depressed by mixing with 
authentic samples of the adipate, m.p. 154°, and the succinate, 
m.p. 211°, respectively. From the neutral equivalent of the mix- 
ture, 68.3, the ratio of succinate to adipate was estimated to be 
about 1:2. 
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SUMMARY 


1. Ozonolysis of methyl arachidonate has been found to yield 
caproic, acetic, glutaric, succinic, and malonic acids, acetaldehyde, 
and carbon dioxide. 

2. Oxidation of methyl arachidonate by potassium perman- 
ganate in acetone has been found to yield caproic, glutaric, suc- 
cinic, and oxalic acids. 

3. The structure of arachidonic acid has been assigned as 
5,8,11,14-eicosatetrenoic acid. 

4. The hydrogenation of methyl arachidonate has been found 
to proceed in two stages, the diethylenic intermediate product 
consisting of 80 to 90 per cent methyl 5,14-eicosadienoate and 
5 to 10 per cent methyl 8, 14-eicosadienoate. 
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THE EFFECT OF CONDITIONS OF HYDROLYSIS AND 
OF PROLONGED HEATING UPON THE OPTICAL 
ROTATION OF SULFURIC ACID HYDROL- 
YSATES OF ZEIN* 


By RAYMOND BORCHERS anp CLARENCE P. BERG 
(From the Biochemical Laboratory, State University of Iowa, Iowa City) 


(Received for publication, October 6, 1941) 


Some time ago we observed that a sulfuric acid hydrolysate of 
zein prepared in an autoclave at 165° did not support growth in 
young rats when it was supplemented with certain amino acids, 
even though the same amino acids, added to a hydrolysate 
prepared by refluxing, permitted moderate growth. Since the 
optical rotation of the autoclaved hydrolysate was lower than 
that of the refluxed, either destruction or racemization of essential 
constituents, or both, might have occurred. Loss of amino 
nitrogen and production of extra ammonia upon prolonged auto- 
claving of proteins with acids have been noted by Van Slyke (1912) 
and others, but simultaneous observations on optical rotation 
have apparently never been made. To determine whether 
racemization also takes place, hydrolysates of zein prepared under 
conditions differing widely with respect to sulfuric acid concentra- 
tion, temperature, and time were examined for optical rotation, 
amino nitrogen content, and in some cases for ammonia content. 


EXPERIMENTAL 


Zein was ground to pass a 40 mesh sieve; it gave a clear, but 
faintly pigmented solution in 75 per cent alcohol. On the air- 
dried basis it contained 4.86 per cent of moisture, 0.22 per cent 
of ash, and 1.29 per cent of ether-extractable material. On an 
ash- and moisture-free basis the nitrogen content was 15.53 per 


* A preliminary report of the data in this paper was presented before the 
American Society of Biological Chemists at New Orleans, March, 1940 
(Borchers and Berg, 1940). 
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cent; Chittenden and Osborne (1892) found 16.12, and Hoffman 
and Gortner (1925), 15.33 per cent. 

The sulfuric acid solutions (aqueous) were approximately 4, 
8, 14, 20, 25, and 33 per cent by volume; normalities by titration 
were 1.6, 3.1, 5.3, 7.5, 9.5, and 12.6. 10 ec. of acid solution were 
used in each test together with 1.856 gm. of zein, mixed intimately 
with 1.86 gm. of pumice and 0.48 gm. of acid-washed charcoal 
to increase the porosity of the doughy mass formed upon heating 
and to clarify the hydrolysate. The heating was conducted in an 
oil-jacketed thermoregulated autoclave at temperatures ranging 
from 120—200°, as well as under a reflux, for 1 to 60 hours. The 
autoclave was preheated to 100°; the recorded time of heating 
included the period of temperature rise above that point (about 
1 hour for each 80°), but not the period of cooling. 

The hydrolysates were filtered by suction while hot. Polari- 
metric readings were made at room temperature in a Schmidt- 
Haensch polariscope with a 1 dm. tube and a sodium vapor lamp. 
Correction for variations in temperature was found unnecessary 
between 20-40° (note also Winnick and Greenberg (1941)). 
Amino nitrogen was estimated according to Van Slyke, ammonia 
by titration of the distillate from an aliquot of the hydrolysate 
made alkaline with magnesium oxide, and total nitrogen (as a 
basis for comparisons) by the Kjeldahl method. 

Fig. 1 presents the data on optical rotation and amino nitrogen 
obtained on the several hydrolysates prepared with 20 per cent 
sulfuric acid. Complete hydrolysis was marked by values of 
2.5° + 0.1°, 71 + 1 per cent, and 20 + 1 per cent for optical 
rotation and amino and ammonia nitrogen, respectively. Cal- 
culated on the same basis, the data of Hoffman and Gortner (1925) 
gave 70.1 and 18.06 per cent for amino and ammonia nitrogen. 
For ammonia nitrogen Osborne and Harris (1903) report 18.41, 
and Gortner and Blish (1915) 20.75 per cent. 

In all instances changes in rotation approximately paralleled 
changes in amino nitrogen until maximum values for both were 
attained. Refluxing for 60 hours (36 hours beyond completion 
of hydrolysis) caused no appreciable decrease from either maximum. 
The observations on hydrolysis under a reflux are consistent with 
data obtained on casein during 33 hours of refluxing with hydro- 
chloric acid (Winnick and Greenberg, 1941). A period several 
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days longer would probably have induced some change (Gortner 
and Holm, 1917). Heating in the autoclave much beyond the 
time required for complete hydrolysis caused decreases from 
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Fig. 1. Changes in optical rotation and amino nitrogen content upon 
heating zein with 20 per cent aqueous sulfuric acid solution. The curves 
connect points representing analytical results obtained on hydrolysates 
prepared by boiling under the reflux (2), or by heating in the autoclave (A) 
at the temperature specified, for various periods of time. ‘‘Observed rota- 
tions’ are based on concentrations of 27.5 mg. of N per ce. The 1 hour 
hydrolysates prepared under a reflux and in the autoclave at 120° showed 
—5.3° and —3.6°; both yielded 29 per cent of amino nitrogen. Autoclaving 
at 200° for 2, 5, and 15 hours yielded 68, 58, and 50 per cent of amino nitrogen; 
the hydrolysates were too deeply pigmented for polarimetric observation, 
as were also those autoclaved at 180° for more than 3 hours. 


both maxima. Increases in ammonia content accounted largely, 
though apparently not completely, for the decreases in amino 
nitrogen. Measured in relation to maximal values, the decreases 
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.otation were proportionately greater than the decreases in 
amino nitrogen content. This divergence can logically be at- 
tributed to racemization. 

The periods required for complete hydrolysis with 14, 25, and 
33 per cent sulfuric acid under a reflux were approximately 30, 
12, and 5 hours, respectively; in the autoclave at 120°, about the 
same; at 140°, 8, 6, and 3 hours; at 160°, 4, 2, and 1 hour. At 
180° hydrolysis was complete in 1 hour with all concentrations 
of acid. In no instance did appreciable racemization or destruc- 
tion occur in the 36 to 60 hours under the reflux or before comple- 
tion of hydrolysis in the autoclave; continued autoclaving beyond 
that point induced both. The proportionate decreases in amino 
nitrogen and in optical rotation and the divergence between them 
were more marked at the higher temperatures; increase in acid 
concentration apparently had less influence than increase in tem- 
perature. Maximum amino nitrogen content and maximum opti- 
cal rotation were never attained with concentrations of 4 and 8 
per cent sulfuric acid; on prolonged heating at elevated tem- 
peratures excessive ammonia production occurred. 


SUMMARY 

During the course of the hydrolysis of zein with aqueous sul- 
furic acid, 14 to 33 per cent by volume, either under a reflux or 
in the autoclave at 120-180°, no appreciable racemization or de- 
struction of amino acids occurred. Prolonging the refluxing 
to 36 to 60 hours had little or no effect, but autoclaving longer 
than necessary for hydrolysis induced both racemization and 
destruction, more markedly so at the higher temperatures. Con- 
centrations of sulfuric acid as low as 8 per cent by volume are 
apparently not suitable for the complete and uncomplicated 
hydrolysis of zein. 
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(From the Biochemical Laboratory, State University of Towa, Towa City) 
(Received for publication, October 6, 1941) 


In a previous paper (Borchers and Berg, 1942) we showed that 
autoclaving zein with sulfuric acid longer than necessary for com- 
plete hydrolysis causes destruction and racemization; either of 
these might account for the failure of such a hydrolysate to 
promote growth in young rats when substituted for a hydrolysate, 
prepared by refluxing, in a diet which produced moderate growth. 
It seemed to us that this deterioration in the dietary protein might 
well be the result primarily of essential amino acid deficiencies 
which could be detected and overcome by appropriate supple- 
mentation. Because threonine is known to be present in zein in 
relatively small amount! and because its 2 asymmetric carbon 
atoms might render it more susceptible to configurational modifica- 
tion by racemization, a ready production of threonine deficiency 
was considered likely. This was confirmed; addition of threonine 
to an autoclave hydrolysate (heated with 10 per cent sulfuric acid 
for 8 hours at 165°) promoted about as rapid growth as had the 
reflux hydrolysate which it replaced. Longer heating at higher 
temperatures produced deficiencies not fully met by threonine 
alone. 

The present communication records growth data which sub- 


* Part of this paper was presented in abstract before the American Soci- 
ety of Biological Chemists at New Orleans in March, 1940 (Borchers and 
Berg, 1940). 

Some initial observations were presented in a dissertation submitted by 
John R. Totter in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Biochemistry in the Graduate College of the State 
University of Iowa. 

! Private communication from Dr. W. C. Rose. 
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stantiate these observations and summarizes results obtained 
by analysis of representative hydrolysates for threonine as chem- 
ical methods became available. 


EXPERIMENTAL 


Feeding Studies—In an attempt to confirm and extend our ob- 
servation that hydrolysis of zein in the autoclave may induce 
deficiencies not remedied by the usual supplements, four hydroly- 
sates were compared for their effect on growth. These were 
prepared by refluxing with 25 per cent sulfuric acid solution for 
18 hours (Hydrolysate R); by heating in the autoclave at 165° 
for 8 hours with 10 per cent sulfuric acid solution (Hydrolysate 
A-165); by autoclaving at 140° for 8 hours with 14 per cent 
sulfuric acid (Hydrolysate A-140); and by heating in the autoclave 
at 180° for 15 hours with 14 per cent sulfuric acid (Hydrolysate 
A-180). Hydrolysate A-140 was chosen because it showed 
nearly maximum free amino nitrogen and much less decomposition 
than Hydrolysate A-165; Hydrolysate A-180, because decomposi- 
tion in it was extensive. The hydrolysates were rendered suitable 
for feeding by removing the sulfate ion exactly and concentrating 
to dryness, essentially as directed by Berg and Rose (1929). 
Unhydrolyzed zein served as a control. Each diet contained zein 
or zein hydrolysate 14.8 per cent, /(+)-lysine dihydrochloride 
0.75, l(—)-tryptophane 0.2, /( — )-cystine 0.2, /(+)-histidine mono- 
hydrochloride 0.37, sodium bicarbonate 0.73, agar 2.0, salt mixture 
(Hubbell, Mendel, and Wakeman, 1937) 2.5, sucrose 15.0, starch 
39.45, cod liver oil 5.0, and Crisco 19.0. The sodium bicarbonate 
was added to neutralize the hydrochlorides of lysine and histidine. 
The amino acids used here and for later supplementation were 
prepared in this laboratory; subsequent supplements replaced 
equal weights of the zein or of the hydrolysate. The vitamin B 
complex was fed separately in the form of two pills daily, each 
containing 0.02 mg. of crystalline riboflavin, 0.02 mg. of thiamine 
chloride, 0.1 mg. of nicotinic acid, 25 mg. of ryzamin-B, and 
enough starch to provide a consistency suitable for molding. 

The experimental animals were litter mate rats weighing 
initially 44 to 64 gm.; they were housed in individual false 
bottomed cages; food and water were available at all times. To 
allow clear presentation of the growth data in a single chart 
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(Fig. 1), curves are given for only three of the five or six animals 
in each group; the records omitted were practically duplicates of 
those included. No striking difference was observed between 
average growth response on whole zein and on zein Hydrolysate 
R or A-140; individual growth rates varied widely, especially on 
unhydrolyzed zein. So far we have been only mildly successful 
in improving the nutritive value of whole zein by supplementing 








20 DAYS 


20 GM. 




















7239 Az Le 


(57) - 
1276 Aa | 42) 
(53 | 























































L (53) n fl ‘ 
7219 | | U 
(52) (36) 
| | 
: T 
130 
7309 As 
6? 
733¢ A3 
—+— (59) — Go 
r28ea\_ | | | 


es, (32) 
4 
ia 

Fig. 1. Growth on zein and zein hydrolysates. Initial and final weights 
are given in parentheses. The daggers signify death. The symbols, Z, 
R, Ai, As, and A; represent basal diets containing zein, zein hydrolyzed 
under a reflux, and in the autoclave at 140°, 165°, and 180°, respectively. 
On the two upper left curves the Az which succeeds Z denotes replacement. 
Supplementation of the basal diet with dl-threonine (0.6 per cent) is indi- 
cated by 7’, with dl-valine (0.84 per cent) by V, and with dl-isoleucine (0.5 
percent) by 7. Subsequent withdrawal is indicated by the minus sign. 
Removal of the histidine contained in the basal diet is represented by —H. 






































it with essential amino acids; normal rate of growth has not yet 
been obtained. Addition of threonine to any one of these diets 
produced no distinct growth acceleration. 

On Hydrolysate A-165 all animals showed marked loss in weight; 
when threonine was added, growth began promptly at a rate ap- 
proximately the same as that observed on pure zein or on Hydroly- 
sate R or A-i40. When the diet containing Hydrolysate A-165, 
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to which threonine had been added, was fed to rats which had 
previously received whole zein, growth continued without inter- 
ruption at a rate only slightly reduced. Hence, under the ex- 
perimental conditions obtaining, threonine effectively met the 
nutritional deficiency induced by the autoclaving. Tests with a 
casein hydrolysate prepared like Hydrolysate A-165 gave similar 
results. 

Rats on Hydrolysate A-180 also showed marked losses in weight; 
when threonine was added, three of the four animals still living 
responded by growing, but at a rate decidedly below the average 
for the series receiving Hydrolysate A-165. Lack of adequate 
threonine was evidently not the only nutritional deficiency in- 
duced by this more drastic autoclaving treatment; additional 
supplements of isoleucine or valine caused no further improvement. 

Differences in growth response on the hydrolysates thus cor- 
related well with differences in optical rotation and in amino nitro- 
gen content, as summarized in Table I. The extent of amino 
acid destruction was indicated also by ammonia content. In 
Hydrolysate A-165, 28 per cent of the nitrogen was found in this 
form before removal of the sulfate and evaporation to dryness. 
The ammonia content of Hydrolysates R, A-140, and A-180 
was not determined, but hydrolysates prepared under the same 
conditions contained about 19, 22, and 30 per cent of ammonia 
nitrogen, respectively, before concentration. 

Estimations of Threonine Content—-When the method of Block 
and Bolling (1939) became available for estimating threonine, we 
undertook to apply it to determine the degree of threonine destrue- 
tion in the hydrolysates fed. This method is empirical and un- 
suited to casual application. After considerable study several 
convenient modifications were found possible. These consisted 
chiefly of the elimination of the 4° bath, the preparation of the 
aldehyde-free glacial acetic acid-lead tetraacetate mixture in a 
single step, omission of the precipitation of the sulfate ion from the 
hydrolysates, and the use of aqueous standards of threonine. 
Results obtained upon incorporating these changes in the procedure 
were essentially the same as those obtained with the unmodified 
method. In our experience the rate of aeration seemed especially 
significant; since both too slow and too rapid speeds yielded less 
than maximum color and no set rate was suitable for all analyses, 
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it was necessary to establish an optimum rate for each test. 
After some experience with the method as a whole, maximum 
errors on separately run aliquots were reduced to 5 per cent or less. 

Publication of the data obtained with the Block and Bolling 
procedure has been delayed to allow simultaneous presentation 
of results obtained with the recent method of Shinn and Nicolet 
(1941). Their procedure is relatively simple. It requires no 
standard and reagents obtainable on the market are employed. 
For our initial tests periodic acid was not immediately available; 
substitution of potassium periodate in N sulfuric acid and modifica- 
tion of the other solutions, to permit neutralization of the extra 
acidity and to keep the final total volume approximately the same, 
gave results essentially identical with those obtained later with 
the procedure as published. An average of 96.8 per cent of the 
theoretical yield of acetaldehyde has been produced from several 
samples of threonine; this agrees with the findings of the 
originators. 

Data obtained by applying the two threonine methods to the 
same samples of threonine and allothreonine? and to the same 
hydrolysates of casein and zein are summarized in Table I. 

The Shinn and Nicolet procedure yielded as much acetaldehyde 
from allothreonine as from threonine. Identical yields from the 
dl forms of these amino acids were obtained also by Martin and 
Synge (1941) whose procedure is similar in principle but produces 
less acetaldehyde. In the Block and Bolling procedure less than 
half as much color was produced from allothreonine as from the 
standard dl-threonine during 1 hour of aeration; in the 2nd hour 
an additional 10 per cent could be accounted for. Calculations 
based on the response of threonine and allothreonine to the two 
methods suggest that the mixture of threonine and allothreonine 


?The nomenclature is that of Meyer and Rose (1936) who designated 
natural threonine d(—) because it is structurally analogous to d(— )-threose. 
We are indebted to Dr. H. E. Carter for the samples of /(+)-threonine and 
l-, d-, and dl-allothreonine used in these studies. The synthetic mixture 
of dl-threonine and dl-allothreonine and the samples of d(—)- and dl- 
threonine were prepared in this laboratory by Dr. C. D. Bauer who used 
the synthetic and resolution procedures of West and Carter (1937). All 
of the samples were carefully dried to remove any trace of alcohol, since 
such might undergo conversion to acetaldehyde and thus be a source of 
error. 
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obtained by synthesis according to the method of West and Carter 
(1937) contained 96 per cerit of these amino acids, of which 35 or 
36 per cent was threonine. This is in general agreement with the 
observation made by West and Carter that the mixture of a-bromo- 



































Taste I 
Analysis of Threonine and Allothreonine and of Casein and Zein Hydrolysates 
| Threonine found 
@p® | falbt found | Block- | Shinn- 
| Bolling | Nicolet 
methc pumaes 
degrees | degrees per cent | per cent | por cont 
d(—)-Thrsonine...........00..00. 27.4 | 11.03 | 100.0 | 96.4 
U(+)-Threonine................... 428.1 | 11.53 | 98.7 | 97.7 
itn poe aka owen 11.71 | 101.5 | 96.6 
d-Allothreonine................... +7.9 | 11.64) 47.5 | 
l-Allothreonine.................... —8.2/| 11.52) 43.0 | 
dl-Allothreonine................. 11.52 | 43.0 | 96.9 
Threonine-allothreonine mixture, | | 
as synthesized.................. | 10.98 | 65.0 | 98.1 
Casein Hydrolysate R............ | 3.5 | 3.2 
a “ A-165......... | 1.0 | 0.7 
Zein Hydrolysate R.............. 42.6 | ‘72 | 24 | 2.2 
ss “ TRS ane +2.0 | (69 3 «6©| «61.9 | 1.65 
4 A ae +0.5 | | 60 0.5 | 0.65 
- - (Sao +0.3 | | 58 0.15 | 0.25 








* The rotations of the zein hydrolysates were read in 1 dm. tubes before 
neutralization of the sulfuric acid and are based on concentrations of 27.5 
mg. of total nitrogen per cc. 

t In the determination of the specific rotations of threonine and allo- 
threonine, 2 per cent aqueous solutions (0.2 gm. in 10 cc.) were polarized in 
2 dm. tubes. 

t The nitrogen figures for threonine and allothreonine represent total 
nitrogen by the micro-Kjeldahl method; calculated nitrogen is 11.76 per 
cent. The nitrogen figures for the zein hydrolysates refer to amino nitro- 
gen expressed as per cent of total nitrogen. The latter determinations 
were made prior to removal of the sulfuric acid used for hydrolysis. 


8-methoxy-n-butyric acids prepared in their method of synthesis 
contains from 30 to 40 per cent of the precursor of dl-threonine. 

The data for the threonine content of the zein and casein 
hydrolysates in Table I are not corrected for alanine, of which 
zein contains almost 10 per cent and casein about 2. The Block 
and Bolling procedure, applied to 2 mg. samples of alanine (ap- 
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proximately the amount present in the zein samples analyzed), 
yielded a little less than 2 per cent of the color obtainable from a 
molecularly equivalent amount of threonine. Correction on this 
basis would lower the estimated threonine content of zein Hydroly- 
sate R from 2.4 to about 2.2 per cent, but would have little effect 
on the estimate on casein Hydrolysate R. Just what correction 
should be applied to the analyses of the autoclaved hydrolysates 
is uncertain because the extent to which alanine may have been 
destroyed is not known. In the Shinn and Nicolet procedure 
only 0.18 per cent as much iodine was required to titrate the 
blank from 40 mg. samples of commercial dl-alanine as would have 
been needed had a molecularly equivalent weight of threonine 
been analyzed. Hence correction for alanine in this method 
seems pointless. Calculations to compensate for the production 
of but 97 per cent of the theoretical amount of acetaldehyde might 
well be applied, but this has not been done. Correction of the 
data which Martin and Synge (1941) obtained by applying their 
method to zein, and which they estimate to be 30 to 35 per cent 
low, gives a threonine content of 2.16 to 2.24 per cent. 

Despite discrepancies in the figures for the threonine content, 
with both the Block and Bolling and the Shinn and Nicolet 
methods decreases of the same order are shown in the autoclave 
hydrolysates: about 20 per cent in Hydrolysate A-140, 70 per cent 
in Hydrolysate A-165, and 90 per cent in Hydrolysate A-180. 
Lack of information concerning the degree of alanine destruction 
prevents drawing definite conclusions concerning allothreonine 
production. That there may be such in Hydrolysates A-165 
and A-180 is suggested by the lower estimate with the Block and 
Bolling than with the Shinn and Nicolet procedure. 

Pure threonine also undergoes marked destruction when auto- 
claved in sulfuric acid solution; preliminary tests have been in- 
adequate in scope to clarify interrelationships between destruction 
and racemization and allothreonine formation. Preparation of 
an adequate supply of the optical isomers of threonine for use in 
such studies is in progress. 


SUMMARY 


Feeding tests show that sulfuric acid hydrolysates of zein pre- 
pared under a reflux or under relatively mild conditions in the 
autoclave possess about the same capacity as zein to support 
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growth when incorporated in diets supplemented with lysine, 
tryptophane, histidine, and cystine. More drastic autoclave 
treatment produces hydrolysates which do not support growth 
under similar conditions unless threonine is added; still more 
severe autoclaving induces deficiences which cannot be met by 
threonine supplementation alone. 

Threonine and allothreonine produce equal amounts of acetal- 
dehyde in the procedure of Shinn and Nicolet; in the method of 
Block and Bolling considerably less color is produced with allo- 
threonine than with threonine. Assays of the several hydrolysates 
of zein and casein according to either method show that threonine 
is destroyed as the conditions of hydrolysis become more severe. 
Pure threonine also suffers marked destruction when autoclaved 
with sulfuric acid under conditions which destroy it in zein. 
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THE KINETICS OF THE HYDROLYSIS OF UREA AND 
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This investigation of the hydrolysis of urea and of arginine 
was undertaken in connection with a study of ammonia forma- 
tion from proteins in alkaline solution. 


Hydrolysis of Urea and Cyanate 


Fawsitt (1) and Werner (2) have studied the hydrolysis of urea 
by acids and by alkalies. They agreed in assuming that cyanate 
was an intermediate in the hydrolysis, but differed widely as to 
the details of the mechanism and as to experimental values for 
the velocity constants of the reactions involved.! The reverse 
reaction, the synthesis of urea from ammonia and cyanate, has 
been investigated in some detail by Walker and his coworkers 
(3) and more recently by Warner and Stitt (4) and by Svirbely 
and Warner (5). The latter workers have concluded, on the 
basis of the effect of ionic strength on the velocity, that the reaction 
is one between ammonium and cyanate ions. 

Because of the unsatisfactory nature of the data on the kinetics 
of the hydrolysis of urea, we have reinvestigated the rates and 
mechanism of the reactions involved. We were chiefly inter- 
ested in the hydrolysis by alkali, but the work was extended to 
include neutral and acid pH ranges. 


! Werner states that the lack of agreement between his results and those 
of Fawsitt on the rate of hydrolysis of urea was due to the fact that his 
experiments were performed under a reflux, whereas Fawsitt’s reaction mix- 
tures were heated in sealed tubes. Contrary to Werner’s contention, we 
have found no difference in the rate of hydrolysis in an alkaline reaction 
mixture, whether heated in sealed tubes or under a reflux. 


705 











706 Urea and Arginine Hydrolysis 


Methods 


Reaction mixtures were prepared by adding measured quantities 
of HCl, NaOH, or chosen buffer solutions to standard solutions of 
urea or of potassium cyanate. A series of samples of each reaction 
mixture was sealed in small Pyrex tubes which were heated in a 
boiling water bath (100°) or a boiling methyl alcohol bath (66°). 
Tubes were removed at various time intervals, chilled in ice 
water, and the contents analyzed by the methods described below. 

Ammonia was determined by the method of Conway and 
Byrne (6). The presence of cyanate in the reaction mixture does 
not interfere with this analysis. Ammonia plus cyanate was 
determined by acidifying an aliquot of the reaction mixture and 
allowing it to stand for 20 minutes, to convert the cyanate to 
ammonia and CO,. The ammonia was then determined in the 
Conway unit. Urea was determined by the method of Allen 
and Luck (7). It was found necessary to avoid large excesses 
of HCl, NaOH, or neutral salt to obtain complete precipitation 
of the xanthydrol urea. 

Determinations of all the reactants were not made in all ex- 


periments. 


Results 


All of the nitrogen in the reaction mixtures was accounted for 
as urea, ammonia, and cyanate. Possible side reactions which 
could lead to the formation of cyanuric acid or cyamelide can thus 
be disregarded. Structural relationships suggest carbamate as 
an intermediate, and the work of Lewis and Burrows (8) indicates 
that it has some significance in the equilibria which would ulti- 
mately obtain in a neutral solution of urea at 100°. The rate of 
attainment of the carbamate-carbonate equilibrium is, however, 
so great at 100° at any pH that carbamate would not be expected 
to accumulate in the reaction mixtures (9, 10). The detailed 
analysis presented below indicates that carbamate cannot be 
formed in large enough amounts to be of quantitative significance 
in determination of the course of the hydrolysis in dilute solution. 

Thus the following two reactions can tentatively be assumed. 


CO(NH,), = NH,* + OCN (1) 
OCN~ + H,O*t — NH; + CO, (2) 
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This is a similar sequence of reactions to that postulated by 
Werner and Fawsitt in their studies on urea hydrolysis. 

The reversible nature of Equation 1 in neutral solution has 
been well established (3-5). There is no evidence for the reversi- 
bility of Equation 2 under the conditions of these experiments. 

On the basis of Equations 1 and 2, the following differential 
equations can be set up to describe the course of the hydrolysis 


d 
= = —k,u+ ka zy (3) 
Soke ~ hes (4) 
dt 
d. 
a 7 Rit — bety — kz (5) 


where 


u = concentration of urea 
‘ ° 
y= : “* ammonia 


t= ™ ** cyanate 

2u + y+ 2 = total concentration of nitrogen = a 

k, = velocity constant of the forward component of Equation 1 
k, = - ” « “reverse reaction 


ky = m ” ** Equation 2 


These equations will hold at any pH, but the values of the 
constants may be expected to vary individually with the pH. 
In certain pH regions the equations can be modified to permit the 
ready derivation of the constants from the experimental data. 

In acid solution (less than pH 5) the rapid hydrolysis of cyanate 
reduces x to so small a value that it is possible to neglect the 
kery term completely. Levy? has made measurements on the 
hydrolysis of cyanate under these conditions at 25°. He found 
that k; = 3.2 at pH 4 and that it increases in direct proportion to 
(H*), a double inflection in the curve being evident near the 
ionization constant of cyanic acid. The reaction is too fast to 
measure at higher temperatures and cyanate can thus be con- 
sidered to be absent in our acid reaction mixtures. This sets an 
effective lower pH limit to the reversibility of Equation 1. 

In alkaline solution (greater than pH 12) Equation 1 can also 


* Levy, M., personal communication. 
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be considered to be irreversible. This was shown by experiments 
on the hydrolysis of cyanate in NaOH in which no urea was 
formed, the sole products being ammonia and carbonate. The 
effect of ionic strength on the velocity of the reverse of Equation 
1 indicates that the reaction is one between NH,* and OCN~ (4), 
These two considerations make it probable that an upper limit to 
the reversibility of the reaction is set by the dissociation NH,+ 
= NH; + Ht. 

Below pH 5 or above pH 12, therefore, Equation 3 reduces to 
the first order equation 


“ = —ku (6) 


k, can be calculated either from the rate of disappearance of 
urea or the rate of formation of ammonia plus cyanate. The 
results at 100° and 66° will be found in Tables I and II respectively. 
The constants are calculated in all cases in natural logarithms 
and reciprocal hours. 

Data were also obtained on the hydrolysis of KOCN in alkaline 
solution. For this situation Equation 5 reduces to a first order 
equation with respect to z, and k; can be calculated. The data 
obtained appear in Table ITI. 

In alkaline solution where k; and k; are of similar magnitude, 
the concentration of cyanate at time intervals during the hydrolysis 
of urea can be calculated from the separately determined values 
of these constants. An effective test of the validity of Equations 
1 and 2 under these conditions is the comparison of the cal- 
culated concentration of cyanate with the experimentally deter- 
mined value. In alkaline solution, Equation 5 becomes dz/dt = 
kyu — kege. 

If this is combined with Equation 6 and integrated, the 
relation 


ak, (e~Hit — 9—katy (7) 


*” $e — hb) @ 


is obtained. 

In Table IV, z has been calculated from Equation 7 for each 
of the time intervals in a urea hydrolysis and is entered for com- 
parison with the experimental value. The agreement is well 
within the experimental error. This calculation has been made 

















R. C. Warner 


TaBie I 


Urea Hydrolysis at 100° 
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k, was calculated from urea determinations by the xanthydrol method or 
from NH; + cyanate determinations by the Conway method, as indicated. 
The ionic strength was equal to the NaOH concentration, except in the 


























cases noted. 
Concen- Initial urea 
tration Method m pH ki Log ki +2) concen- 
NaOH tration 
Mw M 
4.04 Xanthydrol 14.50 0.745 1.872 0.0625 
3.24 Conway 14.37 0.534 1.728 0.050 
2.83 Xanthydrol | 14.29 | 0.438 | 1.641 | 0.040 
2.43 Conway | 14.21 | 0.345 1.538 0.025 
2.01 Xanthydrol | 2.01 14.10 | 0.313 | 1.495 | 0.020 
2.02 “ 3.02 | 14.15 | 0.322 | 1.508 | 0.040 
2.02 4.02 14.20 | 0.352 | 1.547 | 0.040 
1.52 Conway 13.98 | 0.239 | 1.379 | 0.025 
1.48 - 13.95 | 0.230 | 1.362 | 0.050 
1.00 Xanthydrol 13.76 | 0.206 1.314 0.010 
0.750 Conway | 13.64 0.185 | 1.267 | 0.025 
0.732 ae | 13.63 | 0.182 | 1.269 | 0.050 
0.501 Xanthydrol | 13.47 | 0.178 1.251 0.005 
0.405 Conway 13.39 | 0.167 | 1.223 | 0.025 
0.371 13.35 | 0.168 | 1.224 | 0.025 
0.252 “ 13.20 | 0.166 | 1.220 | 0.025 
0.244 Xanthydrol 13.18 | 0.165 | 1.218 | 0.005 
0.241 ‘ 13.18 0.170 | 1.231 | 0.005 
0.240 Conway 1.24 13.18 | 0.157 | 1.196 | 0.025 
0.192 a 13.08 | 0.157 | 1.197 | 0.025 
0.105 a 12.83 | 0.155 | 1.190 | 0.025 
0.0974 | Xanthydrol | 0.25 12.78 | 0.154 | 1.186 | 0.005 
0.0968 “ 0.25 12.78 | 0.150 | 1.176 | 0.01 
0.0513 e 0.25 12.51 | 0.150 | 1.175 | 0.005 
0.0510 a 0.25 12.50 | 0.153 | 1.186 | 0.005 
0.0208 | Conway 12.19 | 0.143 | 1.159 | 0.025 
Acetate | Xanthydrol 0.25 4.01 0.144 1.159 0.005 
Citrate “ 0.25 2.39 | 0.146 | 1.165 | 0.01 
HCl 
0.0634 | Xanthydrol | 0.25 1.40 | 0.142 | 1.153 | 0.005 
0.105 e 0.25 1.09 | 0.126 | 1.102 | 0.005 
0.258 “ 0.71 | 0.120 | 1.078 | 0.005 
0.510 | 0.41 | 0.0885 | 0.947 | 0.01 
1.016 : | 0.08 | 0.0603 | 0.780 | 0.02 
1.76 “ | —0.22 | 0.0386 | 0.587 | 0.04 
2.97 “ | -0.59 | 0.0221 | 0.344 | 0.0625 























TaBLeE II 
Urea Hydrolysis at 66° 
All values are recorded as in Table I. 








Concen- | Initial urea 
tration | Method m pH ky Log ki + 4| concen- 
NaOH | tration 
M M 
4.04 Xanthydrol 4.04 14.50 | 0.0386 2.587 | 0.0625 
3.14 Conway 3.14 14.35 | 0.0228 2.358 | 0.025 
1.57 a 1.57 13.98 | 0.00802 | 1.904 | 0.025 
0.792 a 0.79 | 13.66 | 0.00363 | 1.560 | 0.025 
0.315 | . | 0.31 | 13.28 | 0.00237 | 1.364 | 0.025 
0.105 " | 0.10 | 12.84 | 0.00209 | 1.321 | 0.025 
0.0513 | Xanthydrol | 0.25 | 12.50 | 0.00205 | 1.311 | 0.005 
0.0102 | z | 0.25 | 11.80 | 0.00189 | 1.277 | 0.005 
HCl | | 
0.0105 | Xanthydrol | 0.25 | 2.10 | 0.00213 | 1.328 | 0.005 
0.0530 “ 0.25 | 1.39 | 0.00217 | 1.336 | 0.005 
0.0981 a 0.25 1.13 | 0.00236 | 1.373 | 0.005 
0.490 ee 0.49 0.43 | 0.00154 | 1.187 | 0.01 
1.47 ee 1.47 | —0.12 | 0.000934 0.970 | 0.04 
1.69 a 1.69 | —0.20 | 0.000743 0.871 0.04 
3.14 a 3.14 | —0.74 | 0.000316 0.500 0.0625 


plained in the text. 


Temperature NaOH concentration ks 
"C. M 
100 1.48 0.170 
0.40 0.175 
0.40 0.177 
0.37 | 0.178 
0.100 0.179 
0.100 0.182 
0.0968 0.172 
66 0.25 0.0055 
Phosphate buffer 
ii; pH 
100 7.55 &, 
6.95 3.2 
13.0 


TaBLeE III 


Hydrolysis of Potassium Cyanate 
The three values in phosphate buffers were indirectly obtained, as ex- 
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for a number of other experiments at different hydroxyl ion con- 
centrations with equally good results. It can thus be concluded 
that carbamate or other possible intermediates are not quantita- 
tively significant in determining the course of urea hydrolysis 
under these conditions. 

The treatment of the data obtained between pH 5 and 12 is more 
difficult. As was previously stated, no urea is formed during the 
hydrolysis of cyanate in NaOH of a concentration of 0.1 N or 
greater. As the pH is progressively decreased, urea begins to 
accumulate in the reaction mixtures. This formation of urea is 
apparent in 0.01 n NaOH and increases to a maximum at about 


TaBLe IV 
Urea Hydrolysis at 100° in 0.0968 n NaOH 
Urea, NH;, and NH; + cyanate were determined. The observed cyanate 
was obtained by difference; calculated cyanate was obtained from Equa- 
tion 7, with ki = 0.150 and k, = 0.172. The total nitrogen concentration 
was calculated from the urea and NH; + cyanate determinations. 





| Total 
te | tm | om | See | Sot | Soest) oe 
tion 
hrs. M M M M M : a : 
0.00 0.0100 | 0.00 0.00 0.00 | 0.00 | 0.0200 
1.00 0.00852 | 0.00153 | 0.00283 | 0.00130 | 0.00123 | 0.0199 


2.00 0.00726 0.00324 0.00532 0.00218 | 0.00225 | 0.0199 
3.00 0.00631 | 0.00457 0.00723 0.00266 0.00280 | 0.0198 
4.30 0.00524 0.00605 0.00924 0.00319 | 0.00321 0.0197 
5.75 0.00419 0.00802 0.01131 0.00329 0.00341 | 0.0197 


pH 8. Below this pH the formation of urea again decreases as 
the rate of hydrolysis of cyanate becomes greater. Since the 
ionization constant of NH,* is about 8.7 & 10-!° at 100° (11), this 
is consistent with the interpretation that only NH,* participates 
in the reverse of Equation 1. 

At pH values at which the ammonia is partially or completely 
present as the free base, a fraction of it will be in the small gas 
phase in the sealed tubes. For this reason and because of un- 
certainties in the ionization constant of NH,* at 100° no attempt 
has been made to account quantitatively for the data in the 
pH region 8 to 12. 
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Below pH 7.5 the ammonia is completely ionized and the course 
of the reaction should be described by Equations 3, 4, and 5, 
Unfortunately, these equations cannot be integrated as they 
stand, and a numerical method of solving them must be resorted 
to. The method adopted was one outlined by Levy and Baggott 
(12). It is not suited to the estimation of the constants, ky, ks, 
and ks. Consequently these must be obtained independently. 

The results of calculations on an experiment at pH 6.95 are 
shown in Fig. 1. The data, which include hydrolyses of both 
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Fic. 1. Hydrolysis of urea in a phosphate buffer, pH 6.95, ionic strength 
0.25, at 100°. Concentrations are expressed as moles per liter. See the 
text for explanation of the curves. 


urea and cyanate, are recorded in Table V. The values of the 
constants were estimated as follows: 

From the plot of log k; against pH in Fig. 2, it can be seen 
that a plausible extrapolation through the neutral region is a 
straight line parallel to the pH axis. This makes k; = 0.147 
between pH 2 and 12. Approximate confirmation of this can be 
obtained by calculating first order constants from the urea data 
in this experiment for time intervals of less than 1 hour. 

A value for kz can be obtained from the work of Warner (4, 5). 
His measurements include determinations of kz as a function of 
ionic strength in the temperature range 30-80°. k2 was cal- 
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culated to be 240 at 100° and » = 0.25 from the value at 70° 
and the critical increment over the temperature range studied. 

An approximation to ks; can be obtained from the experiment 
on the hydrolysis of potassium cyanate. From the data in 
Table V it can be seen that the concentration of urea formed is 


TABLE V 
Hydrolysis of Urea and Cyanate in Phosphate Buffer at pH 6.95 at 100° 


All values are recorded as in the preceding tables. 
Ionic strength = 0.25. 


Urea hydrolysis 


NH: + | Total nitrogen 





Time Urea NH: | cyanate | Cyanate | concentration 
hrs. M M M M M 

0.00 0.01982 0.00 0.00 | 0.00 | 0.0396 
0.25 0.01925 | 0.00088 | 0.00128 | 0.00040 | 0.0398 
0.50 0.01840 | 0.00195 | 0.00249 | 0.00054 | 0.0394 
0.75 0.01788 | 0.00264 0.00338 | 0.00074 0.0391 
1.00 0.01745 | 0.00400 | 0.00470 | 0.00070 | 0.0396 
1.50 0.01662 | 0.00580 | 0.00642 | 0.00062 | 0.0397 
2.00 | 0.01570 | 0.00750 | 0.00794 | 0.00044 | 0.0393 
3.00 0.01444 | 0.01003 | 0.01051 | 0.00048 | 0.0394 


4.00 | 0.01345 | 0.01213 0.01261 0.00048 | 0.0395 


Cyanate hydrolysis 





Time NH; Urea — ka 

ke | 

hrs en 7 = a. 4 M } 
0.167 0.00229 0.00030 0.01 2.4 
0.333 0.00364 | 0.00062 | 0.013 3.1 
0.667 0.00499 | 0.00123 | 0.014 3.4 
1.00 ' 0.0040 | 0.00148 | 0.014 3.4 
3.8 


1.50 0.00588 | 0.00151 | 0.015 


sufficiently small for time intervals up to 1 hour so that its subse- 
quent hydrolysis (k,u term) can be neglected as a first ap- 
proximation. 

Equation 4 is divided by Equation 5, the kyu term being neg- 
lected, and integrated. After substitution of 2u + y = a — gz, 
the relation 
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is obtained. 

With the experimental values for u and y, k3/k2 was calculated 
for each of the time intervals, solution being made by approxima- 
tion. The values obtained are entered in Table V together with 
those of ks calculated by assuming kz = 240. 

With these values for the constants, the equations were solved 
numerically to give u, z, and y at various time intervals. The 
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Fig. 2. Hydrolysis of urea as a function of pH at 100°. The dash line 
curves are the asymptotes approached by the solid line curves. Their 
intersection indicates the value of pK. 


effect of varying k; within the limits shown in Table V was tried 
and k; = 3.2 was found to give the best fit with the data. The 
values obtained were plotted to give the smooth curves in Fig. 1. 
The experimental determinations for the urea hydrolysis are shown 
as the discrete points in the graph (Fig. 1). 

The deviations of the experimental points for NH; and urea 
from the calculated curves may be due to the small changes in the 
pH of the reaction mixtures as the hydrolysis proceeded, or they 
might be accounted for by further small adjustments in the 
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values for ks. The cyanate determinations are less accurate 
than the others because of the ‘difference’ method employed in 
the determination. Equally good agreement was obtained in an 
experiment at pH 7.55 with the same values for k; and kz and with 
ks = 3 

The mechanism assumed in Equations 1 and 2 will thus ade- 
quately account for the reaction under all conditions of pH. 
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Fic. 3. Hydrolysis of urea as a function of pH at 66°. See legend to 
Fig. 2 for explanation of the dash line. 


Reaction Mechanism 


Figs. 2 and 3 show a plot of log k; against pH at 100° and 66° 
respectively. pH was calculated from the concentration of HCl 
or NaOH and the activity coefficient data of Randall and Young 
(13) for HCl, and of Harned (14) for NaOH. It was assumed 
that pK, = 13.93. These calculations give the pH at 25°. No 
attempt has been made to calculate the pH at the experimental 
temperatures. Any temperature correction for pH will change 
the shape of the curves only in so far as the activity coefficients 
change with the temperature. However, there would be a con- 
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siderable displacement of the alkaline end of the curve on the pH 
axis if such correction were made. 

The curve shows that between pH 2 and 12 k;, is independent of 
(H+). Below pH 2 and above pH 12, there are inflections in the 
curve, each of which indicates inverse proportionality of k; to 
(H+). The inflection in acid solution is in the region of the 
ionization constant of urea. This constant (K,/K») was deter- 
mined by Walker and Wood (15) to be about 0.7 at 25°. The 
inflection in alkaline solution does not correspond to any known 
ionization of urea. 

The log k:-pH curve is consistent with an uncatalyzed reaction 
(or a water catalysis) between pH 2 and 12. Superimposed on 
this is a hydroxyl ion catalysis which becomes rate-controlling 
above pH 13. The drop in log k; below pH 2 can be accounted 
for by assuming a rate of hydrolysis of the urea ion which is 
negligible in comparison with that of the neutral molecule. These 
assumptions can be expressed in the following equations. 


(NH2),CO = NH; + OCN (9) 
(NH2),CO + OH- = NH{ + OCN- + OH (10) 
(NH,),COH* = NH; + OCN- + Ht (11) 


From these equations, the following expression can be formu- 
lated for the observed rate of reactions, k;, in terms of the intrinsic 
rates, a, b, and c, of Equations 9, 10, and 11, respectively. 


k|(U) + (U*)] = a(U) + b(U)oh + e(U*) (12) 
where (U’) = concentration of the neutral urea molecule 
and (Ut) = i ‘* “positive urea ion 
ohandh = the activities of hydroxyl and hydrogen ions respectively 


(U) and (U*) are related by the equation 


(U)h 
(= 13 
K = oy (13) 


If we combine Equations 12 and 13 and neglect the e(U*) term 


K K Ke 
, 14 
h+Kt h+K h “ 


ki =a 


In the region where b is rate-controlling, K/(h + K) = 1 and 
Equation 14 can be written 
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K Kw 
md WS ee Y (15) 


ky 

The constants a and b can be derived from the experimental 
data. Between pH 2 and 12, a is the rate-controlling constant. 
In this region K/(h + K) = landk, = a. At 100° the average 
value for k; is 0.147. With this value for a, b = 0.0826 was found 
to give the best fit with the data in alkaline solution. Similarly 
K = 0.58 was derived from the data in acid solution. The solid 
lines in Fig. 2 are plotted from the equation 

ky = 0.147 rz + 0.0826 “ (16) 
where K = 0.58. 

The experimental points show marked deviations from this 
equation only in strongly alkaline solution in which the observed 
rate rises more rapidly than would be predicted from the equa- 
tion. No other mechanism could be found which would give a 
more satisfactory account of this part of the curve. 

The data at 66° were treated similarly and the equation 


, 


< K w 
k, = 0.00205 = +K + 0.00115 h (17) 
where K = 1.07 was derived. The solid lines in Fig. 3 are plotted 
from this equation. The deviations in alkaline solution are 
more marked in this case than at 100°. 

There are several alternate formulations of the reaction mecha- 
nism which would result in a dependence of k; on pH, formally 
equivalent to that described by Equation 14. Assumptions such 
as a reaction between U+ and OH- in acid solution, or the involve- 
ment of a hypothetical urea anion in alkaline solution, cannot be 
excluded. The mechanism suggested above seems to be the 
most plausible. 


Influence of pH on ks 


Table III contains the observed values for ks in alkaline solu- 
tion, together with the values at pH 6.95 and 7.55, which were 
derived as previously described, and a value at pH 6.30 obtained 
by the same method. 
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The three constants obtained in buffer solutions show an 
approximate proportionality to (H+). In NaOH solution, k; 
is independent of pH. These observations, together with those 
of Levy,? at 25° indicate that a hydrogen ion catalysis of the 
reaction is rate-controlling below about pH 8 and that a water 
catalysis becomes rate-controlling above this pH. These assump- 
tions lead to an equation of the type ks = k’h + k”, where k’ 
and k” are the intrinsic constants for the hydrogen ion and the 
water catalysis respectively. 

There are insufficient data to derive accurate values for the 


constants in the equation. 


Hydrolysis of Arginine 


Arginine is known to be stable in acid solution and survives 
long periods of boiling with strong acid during the hydrolysis of 
proteins. Concentrated alkali hydrolyzes arginine with the 
production of 2 equivalents of ammonia. This fact is the basis 
of the Van Slyke procedure for the estimation of arginine (16). 

The course of the reaction has been indicated by the work of 
Hellerman and Stock (17) who followed the hydrolysis in 0.1 N 
NaOH at 37°. They measured ammonia and urea and found a 
constant proportion between the two. Arginine disappeared 
according to a first order equation. They interpreted these 
results to mean that either of the C-—-N bonds in the guanidine 
part of the molecule could be hydrolyzed. The hydrolysis to 
form urea occurred at the greater rate. The other products of 
the reaction must have been ornithine and citrulline. We have 


; NH, 
t 
| NH; + O=C (18) 
7 NH 
} NH, A : 
_ ° fe CH: 
N=C + H,O : 
j ie , 
_ ty, NH, 
CH 4 rian 
l : O=C + | (19) 
™~ CH, 


NH, | 
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extended this analysis to include the effects of pH and tempera- 
ture. The methods used were the same as in the urea experiments. 

From Hellerman and Stock, it is assumed that arginine can 
be hydrolyzed in two ways, each reaction following a first order 
course with respect to arginine. These reactions can be rep- 
resented by Equations 18 and 19. 

Urea, of course, will be further hydrolyzed, but this reaction is 
sufficiently slow that it can be neglected at temperatures of 66° 
and below, up to about 50 per cent completion of the arginine 
hydrolysis. The citrulline will also be hydrolyzed but at a lower 
rate than urea, as is shown below. It can likewise be neglected. 

Equations 18 and 19 can be described as follows: 


du 
— =kyz 20) 
- ku ( 
dy 
— = kyz 21) 
a. P 
dz 
— = —kz (22) 
dt 
where 

z = concentration of arginine 

u= = ** urea 

y= 45 ** ammonia 

a = original arginine concentration = z + u + y 


Equation 22 integrates to give 


kt = In- = In (23) 
r4 


a 
a—(u+y) 
from which k can be calculated. If Equation 20 is divided by 
Equation 21 and integrated, u/y = k,/k, = m. 

If Equations 20 and 21 are added and (a — z) substituted for 
(u + y), it is evident that k = k, + ky. The system can thus be 
described by the two constants k and m and the others can be 
derived, if desired. 

The results obtained at 66° and 35° are assembled in Table VI. 

The reaction mixtures were made up from standard NaOH 
and arginine monohydrochloride. The NaOH concentration 
given in Table VI was calculated by allowing 1 equivalent for 
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TaBLe VI 
Hydrolysis of Arginine by NaOH at 66° and 35° 
es | ; Variation in Initial 
Tee ’| NOH! » ceron| | 46 F |Avese®) me during | onine 
| | F tration 
» M | M € 
66 | 0.100 | 0.150 | 12.66 | 0.0584 | 0.766 5.65 | 5.1-6.3 | 0.05 
0.127 | 0.177 | 12.77 | 0.0665 | 0.823 5.75  5.0-6.9 | 0.05 
0.393 | 0.443 | 13.32 | 0.145 1.161 | 5.57 | 5.1-6.6 | 0.05 
1.058 | 1.108 | 13.77 | 0.194 1.288 | 5.25 | 4.7-6.8 | 0.05 
2.35 | 2.40 | 14.18 | 0.205 | 1.312| 5.16 | 4.8-5.9 | 0.05 
4.03 | 4.09 | 14.49 | 0.209 1.321 5.5 | 5.0-6.1 | 0.05 





Log k 
+3 


35 0.185 0.224 12.99 | 0.00455 | 0.667 6.43  6.3-6.6 0.039 
0.936 0.975 | 13.71 | 0.00886 0.948 6.18 | 5.3-6.8 | 0.039 
4.00 4.08 14.49 0.00944 | 0.975 5.46 4.1-6.6 0.078 
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Fic. 4. Hydrolysis of arginine as a function of pH at 100° (upper curve, 
left-hand ordinates) and at 66° (lower curve, right-hand ordinates). See 
legend to Fig. 2 for explanation of the dash line. 


neutralization of the hydrochloride. The pH of reaction mixtures 


was calculated approximately by assuming pK’; for arginine = 
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12.5 and by using the data of Harned (14) for the activity coef- 
ficient of NaOH. No attempt was made to correct the pH for 
the change in temperature. 

There was some variation in m as the hydrolysis proceeded, 
and the limits in this variation in each experiment are shown in 
Table VI. There are no consistent changes in m with pH. Con- 
sequently, consideration of the effect of pH on the reaction can 
be limited to k. 

A plot of log k against pH is shown in Fig. 4. The inflection 
in the curve occurs at about pH 13, which is somewhat higher 
than pK’; for arginine. However, it seems likely that this ioniza- 
tion is responsible for the inflection. No definite decision can 
be made between alternative possible mechanisms. In view of 
the stability of arginine at lower pH, the most direct description 











TaBLeE VII 
Hydrolysis of Citrulline by NaOH at 100° and 66° 
Temperature | NaOH concentration ke 
a, Sk M 

100 | 0.124 0.0143 

| 1.12 0.0180 

| 3.18 0.0646 

66 1.40 0.0011 

3.18 0.0028 








of the log k-pH curve results from the following assumptions: 
(a) the rate of hydrolysis of the un-ionized guanidine group is 
independent of the pH; (b) the rate of hydrolysis of the charged 
guanidine group is negligible in comparison to (a). 
The assumptions can be expressed in Equation 24 
| 
k=k h + K (24) 
where k’ is the intrinsic rate constant for the hydrolysis of the 
guanidine group and K is the ionization constant for this group. 
The best fit with the data is obtained at 66° with k’ = 0.221 
and K = 9.34 X 10-", and at 35° with k’ = 0.010 and the same 
value for K. The solid curves in Fig. 4 are plots of Equation 24 


with the above constants. 
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Hydrolysis of Citrulline 

A few experiments on the hydrolysis of citrulline at 100° and 66° 
were performed in order to give complete account of the ammonia 
formed during the hydrolysis of arginine. Citrulline was pre- 
pared from arginine by the method of Fox (18). The experiments 
were carried out as previously. 

First order constants for the formation of ammonia in three 
experiments at 100° and two at 66° were derived from Equation 25, 


kyt = (25) 


- — —— ae 

(citrulline) a — (NH;) 
At the longer time intervals in all of the experiments, there was 
some tendency for a decrease in rate below that required for a first 
order reaction. No urea could be detected in any of the samples. 
No analyses for cyanate were made, although it seems possible 
from the structure of citrulline that some would be formed. 
The data are recorded in Table VII. 

The rate of hydrolysis shows some increase at the higher NaOH 
concentration. The increase is not in direct proportion to the 
hydroxyl ion concentration. This indicates that there may be an 
inflection in the log k-pH curve that would be evident on a more 
extended investigation of the reaction. 

The low rate of hydrolysis of citrulline provides the reason for 
the drastic treatment of arginine required by the Van Slyke method 
of analysis (16). 


The author is indebted to Professor R. K. Cannan for his 
advice and criticism during the course of this work and to Dr. M. 
Levy for permission to quote from unpublished data. 


SUMMARY 


1. Data are presented on the rate of hydrolysis of urea, cyanate, 
arginine, and citrulline under various conditions of pH and tem- 
perature. 

2. Urea is hydrolyzed to ammonia and cyanate. This reaction 
is reversible at pH values at which ammonia is ionized. The re- 
versibility is limited in acid solution by the rapid hydrolysis of 
cyanate. 

3. Cyanate is hydrolyzed to ammonia and carbon dioxide. The 
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rate of hydrolysis is independent of pH in alkaline solution, but 
increases rapidly below about pH 9. 

4, The assumption of cyanate formation as the only intermediate 
step in urea hydrolysis quantitatively accounts for the course 
of the reacion at all pH values. 

5. Arginine is hydrolyzed by two simultaneous reactions: one 
producing ammonia and citrulline; the other, urea and ornithine. 
Each reaction is of the first order with respect to arginine con- 


centration. 
6. The change in the rate of hydrolysis of the above sub- 


stances with respect to pH is discussed. 
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THE FORMATION OF AMMONIA FROM PROTEINS IN 
ALKALINE SOLUTION 
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Considerable amounts of ammonia may be formed during the 
alkaline hydrolysis of proteins. Osborne, Leavenworth, and 
Brautlecht (1) were of the opinion that the amide and guanidine 
groups of the protein were the sole source of this ammonia.' In 
the alkaline hydrolysis of wheat gliadin, however, Vickery (2) 
observed a slow formation of ammonia from unidentified sources. 
The significance of the observation was masked by the unusually 
large amount of amide nitrogen in this protein. In the report 
which follows, we present evidence that considerable amounts of 
ammonia may originate in groups other than amide and guanidine. 
A part of this may plausibly be attributed to partial deamination 
of cystine (3, 4), histidine (5), and serine (6). The evidence indi- 
cates, however, that a notable part—and that liberated under quite 
mild conditions of hydrolysis—originates in some structural feature 
of the protein itself, rather than in any specific amino acid com- 
ponent. The proteins studied were crystalline preparations of egg 
albumin, edestin, and 6-lactoglobulin.? 


! These investigators studied four proteins. They concluded that the 
ammonia liberated was approximately equal to the sum of the amide 
nitrogen and of half the arginine nitrogen. Under the conditions of hy- 
drolysis which they employed, arginine actually yields only 35 to 42 per 
cent of its nitrogen as ammonia. Moreover, their method of determining 
amide nitrogen would tend to yield high values. The origin of significant 
amounts of ammonia from unidentified sources is not excluded by their 
observations. 

* This is the name which has been suggested for the crystalline globulin 
isolated by Palmer (7) from the albumin fraction of cow’s milk. 
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EXPERIMENTAL 


Stock solutions of the proteins were prepared and their protein 
content calculated from determinations of dry weight (110°) and 
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Fic. 1. Ammonia formation from egg albumin. Curve 1, 4.3 n NaOH 
at 68°; Curve 2, 1.4 Nn NaOH at 68°; Curve 3, 0.28 n NaOH at 68°; Curve 4, 
4.3~ NaOH at 35°: Curve 5, 1.4 n NaOH at 35°; Curve 6, 1.2 NaOH at 25°. 


ash. Reaction mixtures were then prepared from measured 
amounts of these and of a standard solution of NaOH. Samples 
of each reaction mixture were sealed in a series of small Pyrex tubes 
which were then heated in a boiling water bath (100°) or a constant 
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temperature water bath (25°, 35°, or 68°). Tubes were removed 
at intervals, chilled in ice water, and the contents analyzed for 
ammonia by the method of Conway and Byrne (8). 

The Conway and Byrne method requires a 2 to 3 hour distillation 
period at room temperature. During this time there is a slight 
liberation of ammonia from the amide groups. The short time 
observations at 25° and 35° are therefore of only qualitative signifi- 
cance. At higher temperatures the amide hydrolysis is sub- 














7 80 a0 160 
Hours 
Fic. 2. Ammonia formation from egg albumin at 100°. O 1.4N NaOH, 


@ 0.28 n NaOH, 0 4.3. NaOH, A 2.3 n Ba(OH). 


stantially complete even at the shortest reaction times employed. 
In a few cases urea was estimated after the ammonia determina- 
tion by titrating the reaction mixture with H;PO, to pH 7.2, 
digesting with urease, and determining the ammonia formed. 
Ammonia Formation from Egg Albumin—Representative data on 
egg albumin are shown graphically in Figs. 1 and 2. Inspection 
of the curves reveals the following characteristics. 
At 35° the curves show an initial rapid formation of ammonia, 
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followed by a slow increase which continues throughout the period 
studied. Extrapolation of the slow rise back to zero time yields a 
value for the labile ammonia of 0.70 milliequivalent per gm. This 
is consistent with the maximum attained by the 25° curve and is 
identical with the value for amide nitrogen reported by Shore, 
Wilson, and Stueck (9). Their value was obtained by extrapola- 
tion of the time curves of ammonia formation in acid hydrolysis, 
It is interesting to note that M NaOH hydroylzes the amide groups 
at 35° at a rate comparable to that of m HC! at 100°. 

Our results for the three proteins studied suggest that a simple 
and precise determination of amide nitrogen may be made in the 
following manner. Set up a series of Conway vessels containing 
a solution of the protein in Mm NaOH. Allow the spontaneous dis- 
tillation to proceed at 25-35°. At chosen periods varying from 12 
to 60 hours take one of the vessels and titrate the ammonia which 
has distilled. If the values at the successive reaction times are in 
close agreement, the mean may be taken as the amide nitrogen. 
If a progressive increase with time is observed, a linear extrapola- 
tion to zero time will give a close approximation to the true amide 
nitrogen. 

At 68° the curves rise very rapidly to a value somewhat above 
the amide and then assume a fairly constant slope. With increas- 
ing concentration of NaOH this slope increases slightly and is 
displaced upward on the ordinate. The hydrolysis of arginine can 
be expected to contribute to the ammonia formed under these 
conditions (10). 

At 100° the curves in 1.4 and 0.28 Nn NaOH rapidly reach a 
maximum of about 2.0 milliequivalents per gm. and show a slow 
rise above this figure with increasing time. In 4.3 N NaOH a 
maximum of only 1.8 to 1.9 milliequivalents is attained, following 
which there is a decrease in the amount of ammonia present. 
Extrapolation of the decreasing slope to 2.0 milliequivalents at 
zero time is not unreasonable (Fig. 2). 

The maximum value of 2.0 milliequivalents per gm. is further 
confirmed by an experiment in 2.3 N Ba(OH), at 100°, also shown 
in Fig. 2. 

Ammonia Formation from Edestin and B-Lactoglobulin—More 
limited data have been obtained on the other two proteins, the 
graphs of which, in Figs. 3 and 4, show characteristics similar to 
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the curves for egg albumin. In Table I the values for the total 
alkali-labile ammonia as determined in 1.4 Mm NaOH at 100° and 
for the ammonia produced at 35° or 25° are compared with the 
analytical data on these proteins. The amide nitrogen estimated 
by extrapolation of the low temperature curves to zero time shows 
satisfactory agreement with the amide nitrogen determined by 
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Fig. 3. Ammonia formation from 6-lactoglobulin in 1.4N NaOH. Curve 
1, 100°; Curve 2, 68°; Curve 3, 35°. 





other methods. In Column 6 are the values for the ammonia in 
excess of the sum of the amide and one-half of the arginine nitrogen. 

The slow increase above the plateau in the curves at 100° in M 
NaOH probably represents contributions from such amino acids as 
cystine, histidine, and serine. Any ammonia that these acids may 
yield to the unknown fraction is neglected in the analysis of the rate 
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Fic. 4. Ammonia formation from edestin in 1.4N NaOH. Curve 1, 100°; 
Curve 2, 68°; Curve 3, 35°. 


TABLE I 
Ammonia Formation from Three Proteins in Alkaline Solution 

In Columns 1 and 2 are given data from the literature or from Appendix 
II. In Column 3 are the values for amide groups obtained by extrapolation 
of the experiments at 25° or 35°. Column 4 is calculated from Columns 1 
and 3. The values obtained are subtracted from the total ammonia at 100° 
(Column 5) to give the ammonia from unidentified sources in Column 6. 

The results are expressed in mm per gm. 


Total Uniden- 








| | Amid | Amide la ie +4] alkal 
Arginine | uae sfiAal onleneininn N ‘abile ~~ 
| periments NH; — 
(1) (2) (3) 4 (5) (6) 
Egg albumin | 0.32 (11)* | 0.70 (9)*| 0.70 1.34 2.03 0.69 
8-Lactoglobulin | 0 16+ | 0.77t 0.78 1.10 | 1.77 | 0.67 
Edestin | 0.96 (11)*| 1.373 1.34 3.25 3.71 0.45 











* Bibliographic reference number. 
t Vickery, H. B., personal communication. 
t See Appendix II. 
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of ammonia formation which follows. An attempt to estimate the 
magnitude of such contribution is made later. 

Rate of Formation of Unidentified Ammonia—An analysis of the 
rates of ammonia formation under various conditions of tempera- 
ture and hydroxy] ion concentration suggests that two types of 
reaction are involved. Let us, first, correct the experimental 
curves for the contribution of amide and arginine groups. The 
total of the former can merely be subtracted at all points on the 
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20 40 60 80 100 
Hours 
Fic. 5. Rate of formation of unidentified ammonia from egg albumin. 
The curves are theoretical plots obtained from the rate constants in Table 
II. Discrete points are the corrected values for the unidentified ammonia 
obtained as explained in the text. Curve 1, 1.4N NaOH at 100°; Curve 2, 
4.3 NaOH at 68°; Curve 3, 1.4 N NaOH at 68°. 7 





curves for 68° and 100°. Corrections for the ammonia formed 
from arginine were made on the basis outlined in Appendix I. 


* The chief primary products of the hydrolysis of arginine are urea and 
ornithine, most of the ammonia being formed secondarily from the urea. 
There should thus be an accumulation of urea in the reaction mixtures 
during the early stages of the hydrolysis. This was demonstrated by 
analysis in which urease was employed. The amounts of urea found agreed 
well with those calculated from the equation in Appendix I, assuming 0.32 
mM of arginine per gm. of egg albumin, 
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The application of the corrections to the ammonia data obtained 
at 68° is shown in Figs. 5 and 6. The experimental values for the 
ammonia formed less the amide ammonia were plotted, and values 
were interpolated at intervals from a smooth curve drawn through 
the data. The arginine corrections calculated from the equation 
in Appendix I were subtracted and the values obtained were plot- 
ted as the discrete points on the lower curves of the graphs. 
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Fic. 6. Rate of formation of unidentified ammonia from 8-lactoglobulin 
and edestin. The curves are theoretical plots obtained from the rate con- 
stantsin Table Il. Diserete points are the corrected values for the uniden- 
tified ammonia obtained as explained in the text. Curve 1, 8-lactoglobulin 
in 1.4 N NaOH at 100°: Curve 2, edestin in 1.4 N NaOH at 100°; Curve 3, 
8-lactoglobulin in 1.4 N NaOH at 68°; Curve 4, edestin in 1.4 n NaOH 
at 68°. 


Examination of the trend of these points shows a comparatively 
rapid initial reaction followed by a slower rise which is almost 
linear with respect to time. A curve of this type can be most 
simply accounted for as the sum of two independent first order 
reactions, having rates differing by a factor of about 10. The data 
have been treated on this assumption. Extrapolation of the linear 
portion of the curves to zero time should give an approximate value 
for the extent of the more rapid process. This value will be re- 
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ferred toas A;. The extent of the slower process (A 2) will be taken 
as equal to the total unknown ammonia minus A}. 

First order constants, k, and ke, for the two reactions and values 
for A; and Ag have been derived to give the best fit with the data 
and are shown in Table II. The smooth curves in Figs. 5 and 6 
are theoretical plots calculated from these constants. 

This method of treatment was extended to the data at 100°. 
There are insufficient points on the rising portion of the curve to 
define the trend very accurately. The final corrected values for 
the ammonia are shown as the discrete points in the upper curves 
of the graphs (Figs. 5 and 6). The smooth curves through the data 


TABLE II 


Values for Extent of Two Processes, Ay and Az, and for Respective First Order 
Rate Constants Used in Plotting Theoretical Curves in Figs. 5 and 6 


The rate constants are calculated in terms of common logs and reciprocal 








hours. 

Aj A: | ki ks 

— |. a = 

Egg albumin ieee eens T ae | 0.29 | 0.40 | 
68°, 4.3 n NaOH cote 0.06 | 0.004 
es°,14 “ sen 0.05 | 0.003 
OE a ee ee ere | 0.8 0.07 
8-Lactoglobulin ..| 0.23 0.44 
68°, 1.4.N NaOH... Alte: 0.05 | 0.003 
07,14 eee 0.8 0.07 
Edestin WTS i 0.29 
ee een rene | 0.05 0.005 
AES US oi ioe ee 0.8 0.07 











are theoretical plots obtained with the A; and Ag values for each 
of the proteins derived from the data for 68° and with the average 
values of k; and ke which give the best fit with the data for all three 
proteins. The values used for A and k are shown in Table II. 
The derived curves adequately describe the experimental data. 
It should be noted that the errors in the case of edestin are rela- 
tively larger than for the other proteins because the amounts of 
amide and arginine present make the corrections large as compared 
with the unknown ammonia. 

In fitting any individual curve it is not surprising that satis- 
factory values for A and k can be found, since variation can be 
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made in any of the four parameters which describe the curve 
(Ai, Ao, ki, ke). However, some confidence can be placed in this 
method of treating the data in view of the fact that constants of 
the same order of magnitude describe the curves for all of the 
proteins at the same NaOH concentration and that the same values 
for A; and Ag give satisfactory results for egg albumin at different 
temperatures and NaOH concentrations. 

Reaction A, can be followed to completion at 68° and the agree- 
ment is good enough to place some reliance in the statement that 
this is a first order reaction which proceeds to a definite maximum 
independently of the ammonia formation from other sources. It 
is quite possible that Az is a composite of several reactions, since 
it cannot be followed to completion under conditions which enable 
it to be considered separately from A}. 

Source of Unidentified Ammonia—lIf the ammonia is formed as 
a result of the decomposition of some specific amino acid, it should 
be possible to obtain it in the same quantity by acid hydrolysis of 
a protein followed by treatment of the hydrolysate with alkali 
under the conditions which defined the maximum ammonia pro- 
duction in the previous experiments. Data are given below on 
this type of experiment on egg albumin. 

The maximum amount of ammonia obtained in excess of amide 
and arginine ammonia was only about 0.15 milliequivalent per gm. 
after 20 hours at 100° in m NaOH. Under these conditions the 
processes A; and Az should be substantially complete. This 0.15 
milliequivalent per gm. is probably included in Az and may be 
composed of contributions from histidine, cystine, serine, and pos- 
sibly other amino acids. No trace of the remaining 0.25 milli- 
equivalent of A» or of the more labile 0.29 milliequivalent of A, 
could be found in these experiments. 

The estimate of the unidentified ammonia should thus be reduced 
to 0.54 milliequivalent per gm. for egg albumin. This represents 
about 5 per cent of the total nitrogen in the protein. No data of 
this type were obtained on the other proteins studied, but the am- 
monia that cystine, histidine, and serine will vield cannot be much 
greater than for egg albumin. None of the proteins used contains 
much cystine, and the ammonia from histidine is small in any case. 
There are no satisfactory analytical data on the serine content of 
these proteins. However, the amounts which have been isolated 




















R. C. Warner and R. K. Cannan 735 


from most proteins are small, and under the conditions of these 
experiments it was found that the ammonia obtained from serine 
is equal to about 30 per cent of its nitrogen. 

It can be concluded that the 0.54 milliequivalent of ammonia 
from egg albumin is not a result of the decomposition of amino 
acids as such. However, it probably comes chiefly from amino 
groups, since it is difficult to account for this amount of nitrogen 
from any other source. Hence, this ammonia must be referable 
to some structural feature of the protein itself, perhaps to certain 
peptide bonds which yield amino acids on acid hydrolysis and 
ammonia on treatment with alkali. There has appeared, after 
the completion of the manuscript of this paper, a note by Nicolet 
and Shinn (12) on the lability of serine and threonine when in pep- 
tide combination. It is probable that part of the unidentified 
ammonia arises from these sources. This question will be further 
investigated. 

Experiment I—A sample of egg albumin was hydrolyzed for 24 
hours with 20 per cent H,SO, under a reflux. Aliquots of this 
hydrolysate were sealed in Pyrex tubes with a sufficient excess of 
NaOH to give a final concentration of 1.0 n. The tubes were 
heated in a boiling water bath and ammonia was determined on 
samples removed at intervals. The ammonia present in an un- 
heated sample amounted to 0.813 milliequivalent per gm. or a little 
in excess of the amide ammonia. This was subtracted from the 
ammonia found in the heated samples. The results are sum- 
marized in Table IIT. 

Experiment II—The basic amino acids were removed from a 
H,SO, hydrolysate with phosphotungstic acid. The excess phos- 
photungstic acid was removed with Ba(OH): and the aliquots of 
the filtrate were sealed in tubes with excess NaOH and were treated 
as above. The ammonia present in an unheated sample was 
0.038 milliequivalent per gm. This has been subtracted from the 
results in Table ITI. 

Appendix I. Derivation of Arginine Corrections—Corrections 
were made above for the amount of ammonia formed from arginine 
under various conditions. The equations from which these cor- 
rections were calculated were obtained in the following manner 
from a study of the kinetics of hydrolysis of arginine and urea (10).‘ 


‘ References to equation numbers are from this paper. 
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The urea formation during the course of arginine hydrolysis can 
be described by combining Equations 3, 20, and 22. Since only 
alkaline hydrolyses are being considered, the kery term in Equa- 
tion 3 can be neglected. The equation 

du_ ik 


=-z—kn 
dt n , 


TABLE III 
Ammonia Obtained by Treating H2SO, Hydrolysate of Egg Albumin 
with Alkali 
Experiment | shows the ammonia formed in excess of that present in the 
Two other similar experiments showed 0.803 and 0.805 
Experiment II 
Another similar 


acid hydrolysate. 
milliequivalents per gm. in 26 and 22 hours respectively. 
shows the ammonia formed after removing the arginine. 
experiment yielded 0.18 milliequivalent per gm. in 21 hours. 

After allowance was made for the arginine present in Experiment I, an 


and arginine ammonia was titrated in 20 to 25 hours. 


Experiment I Experiment II 


Time Ammonia Time Ammonia 
hrs. m.eq. per gm. hrs m.eq. per gm. 
3.1 0.313 19.4 0.148 
15.9 0.461 98 0.177 
23.7 0.759 162 0.191 
40.5 0.794 282 0.214 
63.6 0.806 

111.5 0.800 


was obtained. This was combined with Equation 23 and inte- 


grated to give 


To obtain the corrections for the ammonia formed from arginine, 
Equations 4, 5, 25, and the above equation were combined, inte- 
grated, and solved for total ammonia ([NHj;). The kery term in 
Equations 4 and 5 was neglected as before. The following equa- 
tion was obtained. 

=NH, 


a 


= 2+ Ae~* + Be~* + Ce kat 4 De~** 
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where 
A = ki 2ks-k 1 2k, — k 
n(ki —k) kw —k Pp k—k 
pa * _%e—h 
n(ky —_ k) ks om ky 
k 
C0 ~—— Fees 
n(ks _ ki) (ks _ k) 
k 
D=—— 
plky — k) 
p=m+1 
m+ 1 
ee 
m 


a = initial concentration of arginine 


The constants have the same significance as in the previous 
paper (10). 

The values for the constants required in the calculations are 
presented in Table IV. At 100° they were obtained by graphical 
interpolation from the data previously recorded. No systematic 
determinations on arginine hydrolysis were made at 100°. A 
single determination in N NaOH indicated that the value of k 
must be about 3.5. The reaction is thus so rapid that errors in k 
even of the order of 50 per cent will have relatively little effect 
on the calculations. 

At 66° the values of the constants were obtained in the same 
way and were then corrected to 68° on the basis of approximate 
critical increments calculated between 66-100° for ki, k3, and ky 
and between 35-66° for k. Since the corrections are small, errors 
in the critical increments used are of little significance. It was 
assumed that m does not change with the temperature, although 
there is some indication that it is higher at 35° than at 66°. The 
calculations are here applied to proteins on the assumption that 
the rates of the several processes involved will not be affected by 
the incorporation of arginine in a peptide chain. 

The only other simplification made was in neglecting reactions 
of OCN~ with amino acids, such as were described by Boon and 
Robson (13). By analogy with the formation of urea from NH,* 
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and OCN~ these would not be expected to occur in strongly al- 
kaline solution. 

2NH;/a was calculated for various time intervals by means of 
these constants. From these values, 2NH,; was obtained, as- 


TABLE IV 
Values for Velocity Constants Used in Calculating Ammonia Formed from 
Arginine during Hydrolysis of Proteins 


m = 5.5. 
Temperature, °C 100 68 68 
NaOH, w 1.4 14 43 
k 3.5 0.240 0.262 
ky a 0.234 0.00815 0.0525 
ks 0.170 0.0066 0.0066 
ky 0.0258 0.0013 0.0047 


TABLE V 
Ammonia Formation during Acid Hydrolysis of 8-Lactoglobulin and Edestin 


8-Lactoglobulin Edestin 
0.25 m HCl at 85° 1 m HCl at 100° 0.25 w« HCl at 85° 1 m HCl at 100° 
Time NH; Time NHs Time NH Time NH; 
bee m.eq. per Bow m.eq. per ioe m.eq. per Son m.eq. per 
gm. gm gm gm. 
0.5 0.105 18 0.807 0.33 0.269 0.5 1.07 
0.75 0.124 25 0.838 0.50 0.344 1.0 1.25 
1.0 0.173 15 0.888 0.75 0.454 1.5 1.26 
2.0 0.304 70 0.973 1.5 0.647 6.0 1.32 
3.0 0.368 73 0.966 2.0 0.806 17.0 1.38 
4.5 0.475 94 1.027 3.0 0.924 24.0 1.38 
6.5 0.580 143 1.098 5.0 1.00 48.0 1.39 
13.0 0.713 7.0 1.24 72.0 1.39 
18.0 0.741 17.0 1.37 
24.0 0.754 24.0 1.37 


47.0 0.798 
49.0 0.798 


suming a to be 0.32 milliequivalent per gm. for egg albumin, 0.96 
for edestin, and 0.16 for 8-lactoglobulin (see Table I). 

Appendix II. Amide Nitrogen of 8-Lactoglobulin and Edestin 
The methods used were those described by Shore, Wilson, and 
Stueck (9). These involve measurements of the time course of 
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ammonia production during acid hydrolysis. A summary of the 
results is given in Table V. The results with 6-lactoglobulin 
show a rapid deamidation followed by a slow increase in ammonia 
formation at longer time intervals. In m HCl at 100° a linear 
extrapolation of this rise to zero time yields a value of 0.77 mm 
per gm. for the amide nitrogen of 8-lactoglobulin. This value is 
confirmed by the experiment at the lower temperature. The 
secondary rise in the case of edestin is negligible. The results in 
several experiments, two of which are quoted here, are consistent 
with a value of 1.37 mM of amide per gm., substantially confirming 
values recorded in the literature (14), 


SUMMARY 


Data are presented on the rate and extent of the formation of 
ammonia at 25°, 35°, 68°, and 100° in various concentrations of 
NaOH from egg albumin, 8-lactoglobulin, and edestin. 

2. In all three proteins the amount of ammonia formed exceeded 
that due to the known sources which are amide groups and arginine. 

3. The rate of formation of this excess ammonia can be most 
simply accounted for by assuming that it is produced from two 
independent sources by first order reactions. 

4. Only a fraction of the unknown ammonia can be obtained 
by treating an acid hydrolysate of egg albumin with alkali. It 
is concluded that the ammonia is not formed by the decomposition 
of any amino acid as such, but it is referable to alkali-labile groups 
that exist in the protein. 
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THE ALKALINE HYDROLYSIS OF EGG ALBUMIN 
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(From the Department of Chemistry, New York University College of Medicine, 
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Following the discovery of Kossel and Weiss (1) that many of 
the constituent amino acids are racemized when proteins are 
hydrolyzed by alkali, the use of alkaline hydrolysis in the analysis 
of proteins has been limited to the determination of amino acids 
which are unstable in strong acid. There is little information 
available as to the extent and completeness of hydrolysis as a 
function of [OH-] and temperature (2, 3). Vickery (4) showed 
that the initial reaction rate in the case of wheat gliadin was 
greater than that due to a comparable concentration of acid, and 
that it was greater with Ba(OH). than with an equivalent concen- 
tration of NaOH. His observations did not extend to the late 
stages of hydrolysis. Now alkaline hydrolysates possess some 
apparent advantages to the analyst. The solutions are clear and 
there is no precipitation of humin. When Ba(OH)- is employed, 
it may be readily removed. Moreover, the racemization which 
occurs is not necessarily a disadvantage. We have, therefore, 
undertaken a detailed study of the course and completeness of the 
alkaline hydrolysis of egg albumin under a variety of conditions. 


EXPERIMENTAL 


Stock solutions of egg albumin were prepared from air-dried 
crystalline protein, obtained by the method of Kekwick and 
Cannan (5). The solutions were dialyzed, filtered, and stand- 
ardized for protein concentration by dry weight and ash 
determinations. 

Reaction mixtures were prepared by mixing measured quantities 
of stock protein solution and standard NaOH or solid Ba(OH)s. 
Samples of these reaction mixtures were sealed in small test-tubes 
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and heated in a boiling water bath (100°), a constant temperature 
water bath at various temperatures, or in a boiling methyl! alcohol 
bath (66°) under a reflux. Tubes were removed at intervals and 
immediately chilled in ice water. They were then opened and 
the ammonia which had formed was removed from an aliquot 
sample by distillation at room temperature in the units described 
by Conway and Byrne (6). This step was necessary as a pre- 
liminary to the amino determination, since ammonia will give a 
partial reaction with nitrous acid. When Ba(OH)s, was used as 
the hydrolyzing reagent, it was necessary to dissolve the cooled 
reaction mixture in acetic acid before removing samples for am- 
monia distillation. 

Samples of the ammonia-free solution were taken for amino 
nitrogen determination by the manometric method of Van Slyke 
(7). A reaction time of 12 minutes was adopted in order that the 
«amino group of lysine might be fully determined in addition to 
the a-amino groups. Free amino acids were determined in some 
vases by the ninhydrin reaction which has been put on a quanti- 
tative basis by Van Slyke and Dillon (8). The triketohydrindene 
hydrate used in the latter determination reacts only with a mole- 
cule containing a free carboxyl group and a free amino group (or 
imino as in proline) in the @ position. 

Comparable studies of the rate and course of the acid hydrolysis 
of egg albumin were made in order to serve as a basis for compari- 
son. In most of these the ammonia was not removed prior to the 
amino determination. 

Rate of Alkaline Hydrolysis—Most of the data obtained are 
summarized in the curves of Figs. 1 and 2. It is evident that the 
rate of liberation of free amino groups increases with the tempera- 
ture and alkali concentration. There is a tendency for the curves 
to level off after an initial period of rapid reaction. This is very 
marked in all of the experiments at 100° and is also evident at 
68° at the higher NaOH concentration. The curves in Ba(OH),: 
rise more rapidly than in NaOH and level off at higher values for 
the free amino groups. 

A curious feature of the curves is the actual decrease in free 
amino groups with increasing time in 4.3 N NaOH at 100° (Fig. 2). 
The decrease is apparently due to a secondary reaction involving 
the free amino groups, such that the rate of this reaction exceeds 
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the rate of formation of new groups when about 7.5 milliequiva- 
lents per gm. have been formed. This secondary reaction was not 
found in the Ba(OH). curves, although they were followed for 
similar periods of time. It is significant that it occurs under 
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Fic. 1. Rate of formation of free amino groups during the hydrolysis of 
eggalbumin. Curve 1, 20 per cent H.SO, at 100°; Curve 2, 4.3 n NaOH at 
100°; Curve 3, 1.4 N NaOH at 100°; Curve 4, 0.43 n NaOH at 100°; Curve 5, 
4.3 NaOH at 35°; Curve 6, 1.4 N NaOH at 35°. 





conditions similar to those in which a secondary decrease in am- 
monia has been observed (9). 

It will be noticed that none of the curves rises to the maximum 
value established by the experiment in 20 per cent H,SO,. How- 
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ever, in order to make a valid comparison of the acid and alkaline 
hydrolysates, it is necessary to apply certain corrections to the 
data. Since only a-amino groups enter into peptide bonds, con- 
sideration must be limited to these groups if a measure of the 
peptide splitting is desired. An estimate of the free a-amino 
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Fic. 2. Rate of formation of free amino groups during the hydrolysis of 
egg albumin. Curve 1, 3.7 n Ba(OH),; at 100°; Curve 2, 2.3 n Ba(OH): at 
100°; Curve 3, 4.3 n NaOH at 68°; Curve 4, 1.4 Nn NaOH at 68°; Curve 5, 
0.28 n NaOH at 68°. 








groups from the determinations of the total amino groups is at- 
tempted with the aid of the following corrections. 

Corrections for Amino Data in 20 Per Cent H2SO, Hydrolysis— 
In egg albumin the number of terminal amino groups of diamino 
acids amounts to 0.52 mm per gm. as measured by the nitrous acid 
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reaction with the unhydrolyzed protein. This value has been 
confirmed by titration of the protein in formaldehyde (Kekwick 
and Cannan (10)) and is used here, although it is definitely higher 
than the published analytical figures for lysine in egg albumin. 
Consequently, 0.52 mm per gm. has been subtracted from the 
free amino groups. 

Proline and hydroxyproline do not react with nitrous acid, but 
they presumably enter into peptide bonds. The analytical value 
for the sum of these acids in egg albumin is 0.33 mm per gm. (11). 
This has been added to the value for free amino groups. 

The ammonia formed during the hydrolysis was not removed 
in this case. It will introduce an error because of its reaction with 
nitrous acid, amounting to 67 per cent of the theoretical yield in 
12 minutes. It has been assumed that the ammonia present arises 
from the hydrolysis of the 0.70 mm of amide groups (12). 0.47 
ma per gm. has therefore been subtracted. 

Corrections for Amino Data on Alkaline Hydrolysis—In alkaline 
solution arginine is hydrolyzed to ammonia and ornithine. The 
latter amino acid contains a terminal amino group which will 
react with nitrous acid. The formation of ornithine is substan- 
tially complete at 100° in strong alkali by the time the free amino 
curves have reached their maxima (13). Since there is 0.32 mm 
of arginine (14), the correction for diamino acids must be in- 
creased to 0.84 mm. This value has been subtracted from the 
amino determination. 

The proline correction of 0.33 mM per gm. has been added. 

The free ammonia was removed from the reaction mixtures 
before amino determinations were made. However, there is 0.69 
mM per gm. of ammonia formed from a source other than amide 
groups, but not specifically known (9). This ammonia probably 
arises from a-amino groups, as it is difficult to suggest any other 
source. A correction of 0.69 mm, which will be referred to as the 
unidentified ammonia correction, has therefore been added to 
the data, although there may be some question as to the validity 
of so doing. 

Comparison of Extent of Hydrolysis by Acid and Alkali—These 
corrections, applied to the maximum value attained in various 
hydrolysates, are presented in Table I. There is good agreement 
between the values obtained in H,SO, and on HCl hydrolysis. 
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The maximum value for the 4.3 Nn NaOH hydrolysis is 0.69 mm 
per gm. below the acid value, even including the unidentified am- 


TaBLeE | 
Corrected Maximum Values for Amino and Ninhydrin Determinations in 
Various Hydrolysates 
Explanations of the corrections will be found in the text. The data are 
calculated in mm per gm. of protein and the totals are also given in groups 
per mole of protein, assuming the molecular weight of egg albumin to be 
34,500. 


20 per cent) Groups (20 percent) Groups 


Acid hydrolysates 1:80, | per mole HCl per mole 

=e _— . - mM 1 
| per gm. per gm. 
Observed amino N.......... oa xe conel ee 8.64 

Less amide ammonia correction | 0.47 ° 

** diamino correction ...-| 0.82 0.52 
Plus proline " 0.33 0.33 

Total a-amino N 8.35 288 8.45 291 
Observed ninhydrin 8.70 
Less aspartic acid correction 0.52 

8.18 282 


Total free amino acids 


43N Groups Groups 


; . . iN 
Alkaline hydrolysates NaOH | per mole | Ba(OH): per mole 


" 


Observed amino N 7.48 | 8.12 
Less diamino correction 0.84 0.84 
Plus proline es 0.33 0.33 
‘* unidentified ammonia correction 0.69 0.69 
Total a-amino N 7.66 264 8.30 286 
Observed ninhydrin 6.46 6.84 
Less aspartic acid correction 0.52 0.52 
Plus unidentified ammonia correction 0.69 0.69 
Total free amino acids 6.63 229 7.01 242 


* In this case ammonia was removed before the amino determination 
was made. 


monia correction. The more rapid Ba(OH), hydrolysis shows 


good agreement with the acid value. 

Some additional information can be obtained from the ninhydrin 
determinations. These have not been plotted graphically, but, 
in general, they rise more slowly than the number of free amino 
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groups and do not attain the same maximum values. In order 
to obtain the number of free amino acids, these figures must be 
corrected for aspartic acid, which yields twice the quantity of 
CO, given by any of the other amino acids. 0.52 mm per gm.! 
is accepted as the analytical value for aspartic acid and is sub- 
tracted from the experimental total for the ninhydrin reaction. 
The unknown ammonia correction is also applied in the case of 
the alkaline hydrolysates. These data are shown in Table I 
with the corresponding amino data. 

In a completely hydrolyzed protein a-amino groups should 
occur only in free amino acids, and the two methods of determina- 
tion should give the same value. The agreement for the HCl 
hydrolysate is satisfactory, the higher value for the amino groups 
probably being due to the unavoidable secondary reactions in the 
amino analysis. For the NaOH and Ba(OH), hydrolysates there 
are deficits of 1.03 and 1.29 mm, respectively, in the number of 
free amino acids found. 

The low value for amino groups in 4.3 N NaOH, as compared 
with the acid totals, is probably referable to the secondary reac- 
tion, previously mentioned, which decreases the free amino groups. 
A very rough correction for this consists of a straight line extrapola- 
tion of the decreasing portion of the curve in Fig..1 to zero time. 
This raises the maximum value by about 0.5 mM per gm. to give 
a corrected figure of about 8.16 mm. No explanation can be 
offered for the deficit in free amino acids for the alkaline 
hydrolysates. 

The results reported above suggest that the following considera- 
tions should govern the use of alkaline hydrolysates for analytical 
work on amino acids. (1) Ba(OH), should be used in preference 
to NaOH. A concentration of at least 3 to 4 N is required to 
produce maximum hydrolysis. (2) The hydrolysis should be 
carried out at 100° or at the boiling point of the solution for prob- 
ably not more than 10 hours. This gives almost the maximum 
yield of amino groups, avoids any extensive secondary reactions, 
and keeps to a minimum contamination of the hydrolysate with 
material dissolved from the wall of the glass vessel by the alkali. 
This can also be kept low by using a new Pyrex vessel for each 


*Chibnall A. C. personal communication. 
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hydrolysis. Even shorter periods of hydrolysis might be usefully 
employed. (3) Caution should be exercised in accepting results 
obtained by alkaline hydrolysis until it is established that the 
amino acid in question does not contribute to the unidentified am- 
monia. The failure of the free amino acids to equal the amino 
groups at the end of the hydrolysis also raises some question as to 
the advisability of employing alkaline hydrolysis for analyti- 
cal work. 

Formation of Free Amino Acids during Hydrolysis of Protein— 
While at the completion of hydrolysis of a protein one expects the 
number of amino groups to equal the number of free amino acids, 
at any point corresponding to partial hydrolysis the former should 
be in excess. This is evident, since the hydrolysis of any peptide 
bond produces an amino group but a free amino acid is formed in 
general only by the hydrolysis of two adjacent bonds. 

The theoretical relationship between the number of free amino 
acids and the number of bonds hydrolyzed throughout the course 
of the reaction has been examined on the basis of the following 
. assumption. (1) A molecule of egg albumin has a molecular 
; weight of 34,500 and consists of 288 amino acids? joined in a single 
chain by 287 peptide bonds. (2) The intrinsic rate of hydrolysis 
of all of the bonds is the same and is independent of the length of | 
the chain, the position of the bond in the chain, and the particular 








I amino acids forming the bond. 
On these assumptions the rate of hydrolysis of bonds should 
follow the first order law, kt = log (287)/(287 — x), where x is 


the number of bonds hydrolyzed. The bonds will be hydrolyzed 
according to a random distribution, and the number of free amino 
acids formed when any given number of bonds has been hydrolyzed 
should equal a calculable expectancy. 

Calculation of Expectancy of Free Amino Acids——A straight 


{ chain polypeptide, containing n peptide bonds, numbered 1 to n 
f for convenience, and n + 1 amino acids is assumed. The problem 
f is to find the expectancy of free amino acids when r bonds have 
¢ been hydrolyzed. A random disposition of the hydrolyzed bonds 


within the molecule is assumed. 





2 288 is used for the total number of acids because it agrees well with the 
maximum value for the a-amino determination in acid hydrolysates, and 
because it is the number of amino acid residues per mole assumed by Berg- 
mann and Niemann (15). 
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Free amino acids will be formed if one or both of the end bonds 
(1 and n) are hydrolyzed, or if two or more consecutive bonds 
within the molecule are hydrolyzed. If m consecutive bonds are 
hydrolyzed, m — 1 free amino acids will be formed. Any given 
way of distributing the r hydrolyzed bonds among the n total 
bonds will be called a combination. Each combination must be 
given a weight, w, equal to the number of free amino acids pro- 
duced when that combination is realized. The total number of 
possible combinations when r bonds are hydrolyzed will be 
ni/(ri(n — r)!) = t. The expectancy, £, may now be defined 
as the summation of all the possible combinations which produce 
at least one free amino acid, each multiplied by the weight, w, 
characteristic of that combination, and the whole divided by the 
total number of possible combinations, ¢. 

The expectancy when r bonds are hydrolyzed (£,) can be divided 
into three parts. 

1. Expectancy from hydrolysis of both end bonds (£,,), 7.e. 
and n. 
The number of combinations in which both 1 and n appear = 


— 


(n — 2)! 
a | 
(r — 2)!(n —r)! 

w = 2 for each of these combinations, since one free amino acid 
is formed for the splitting of each bond. 
2p (rr —1 
“. < p _ 2r(r ) 

t n(n — 1) 

2. Expectancy from hydrolysis of a single end bond (£,,). 
The number of combinations in which either 1 or n (or both) 
appears = 

(n — 1)! 


(r—1)!(n — yt i 


m — p = q = the number of combinations in which only one 
of the terminal bonds appears. This must be multiplied by 2 
because there are two terminal bonds. 

2 2rj/n—r 
w=1; E, =—= (== ) 


t n\n-1 
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3. Expectancy from hydrolysis of consecutive bonds within the 
molecule (£,,): (a) number of combinations of two consecutive 
bonds when only 2 bonds are hydrolyzed = n — 1 = a; (b) number 
of combinations of the remaining (r — 2) bonds = (n — 2)!/ 
(r — 2)!(n — r)! = b; (ec) total combinations containing two or 
more consecutive bonds, a - b = c. The quantity ¢ will contain 
combinations counted several times. The number of times a 
combination will be counted will be 1 less than the number of 
consecutive bonds that it contains. This factor is equal to the 
number of free amino acids produced when that combination is 
realized. Each combination is therefore properly weighted as 
calculated in (c). 

E,, Pi ai 1) 
t n 

1. The total expectancy of free acids is the sum of these three 

components 


B, = En + By + By =” (a)? 
The calculations have been applied to a hydrolysis of egg al- 
bumin in 1.0 Nn HC! at the boiling point of the solution. The data 
are recorded in Table II where the corrected values are tabulated 
alongside the experimental figures. The corrections were made 
in the same manner as previously, except that when hydrolysis is 
only partial it is unreasonable to apply full corrections for proline 
and aspartic acid. The corrections have been obtained by adding 
or subtracting a percentage of the amino acid equal to the per- 
centage of free amino groups or the percentage of free amino acids 
for the nitrous acid and ninhydrin reactions, respectively. The 
corrected amino determination has been taken as a direct measure 
of the number of bonds hydrolyzed. 
The amino data give a reasonably good first order constant, 
except for the point at 17 hours. The values for this constant at 
each point are also shown in Table II. In Fig. 3 the amino data 


+ After these equations were derived, it was found that Montroll and 
Simha (16) had worked out a more general treatment of a similar problem. 
The equations of these authors yield substantially the same numerical 
results when applied to the special case considered above. 
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are plotted and a smooth curve drawn through them. This curve 
is a plot of r as a function of time of hydrolysis. The values for 
the expectancy of free amino acids were plotted by calculating 
E, from Equation 1 for values of r interpolated from the curve at 
various time intervals. The curve obtained is the lower curve in 
Fig. 3. The experimental values for the free amino acids are seen 


TABLE II 
Hydrolysis of Egg Albumin by 1.0 n HCl under Reflux 


See the text for an explanation of the corrections. The diamino correc- 
tion is reduced to 12 because the reaction time in the amino determination 
was 3 minutes in this experiment. 67 per cent of the e-NH: of lysine will 
react in this time. The amide ammonia correction was estimated from 
the data of Shore, Wilson, and Stueck (12), assuming a 25 per cent reaction 
of ammonia with nitrous acidin3 minutes. All data are recorded as groups 
per mole of 34,500 gm. 


Aspar- 


Amide — . | k : > iy Se Cor- 
Time | Amino | NH cor- | .rrection| value’ oes 8 corre rected 
hrs 
0.25 27.2 0.04 0.01 15.2 | 0.092 2.4/ 0.1 2.3 
0.50 36.2 0.07 | 0.5 24.3 | 0.076 6.4 0.4 6.0 
0.75 43.8 1.0 0.8 | 31.6 | 0.067 8.8 0.6 8.2 
1.00 58.6 1.3 1.3 | 46.6 | 0.078 13.4 0.8 12.6 
1.50 82.4 1.9 2.4 70.9 | 0.083 | 19.4 1.2 18.2 
2.00 100.6 2.4 3.2 90.4 0.082 | 29.4 1.8 27.6 
3.00 129.8 3.2 4.4 120 0.078 | 51.0; 3.2 47.8 
4.00 146.6 3.8 5.1 137 0.071 68 .6 4.3 64.3 
6.00 180.2 4.7 6.5 171 0.066 103.8 6.5 97.3 
8.00 197 5.0 71.2 188 0.058 | 128.0 8.0 120.0 
17.00 223 6.9 8.3 214 0.035 168.6 10.2 | 158.4 


* The diamino correction of twelve groups per mole has been subtracted 
in each case to obtain the values in this column. 


to be in excellent agreement with the calculations, except in the 
very early stages of the hydrolysis in which the experimental error 
is large. 

This agreement may seem surprising in view of the artificial 
nature of the assumptions made. However, there could be con- 
siderable variation in the assumptions with only small effect on 
the calculations. Actually, it is only necessary to agree that the 
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phenomenon being measured here is the hydrolysis of peptide 
bonds, and that the intrinsic rate of hydrolysis of different bonds 
by acid does not show a very wide distribution about the mean. 
The agreement in the above experiment can perhaps be taken as 
a demonstration of the latter. 

The effect on the expectancy calculation of the assumption made 














in regard to the molecular weight, i.e. n = 287, can be seen by 
one 
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Fic. 3. Hydrolysis of egg albumin by 1.0 nN HCl at 100°. Upper curve, 
increase in free amino groups; lower curve, formation of free amino acids. 
The points are corrected experimental data and the smooth curve is ob- 


tained as explained in the text. 


calculating the fraction of free amino acids produced, (E,)/(n + 1), 
as a function of the fraction of bonds hydrolyzed (r/n). 


(E,)/(n + 1) will be independent of the molecular weight if it is 
a function of r/nonly. From Equation 1 it can be seen that 


E, a r(r + 1) 
n+1 7 n(n + 1) 


This will vary with n only in so far as (r + 1)/(n + 1) differs from 


r/n. This difference will be appreciable only in the very early 
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stages of the hydrolysis. The same consideration shows that 
there would be only a small effect on the calculation if the molecule 
consists of several chains of peptides rather than a single one. 

The same calculations when applied to the data obtained on 
alkaline hydrolysis yield different results. Plots similar to that 


TaBLe III 
Hydrolysis of Egg Albumin by Ba(OH), and NaOH 
See the text for explanation of the corrections. All data are recorded 
as groups per mole of 34,500 gm. 











| Uniden- ey om 
| Amino |Piamino| Proline tified Cor- | Nin- | Angee | tified Cor- 
Time |“ cor- cor- NH; rected |}, -drin | be NHs | rected 
? rection | rection | correc- | values y | “tion | Correc- values 
eS. . _ = ae 
3.7 n Ba(OH), at 100° 
hrs. | | 
1.03 | 233 | 27 9 10 225 | 174 au 6 169 
2.00 246 | 28 | 10 20 246 | 1938 | 12 13 194 
6.09 264 | 28 | 10 | 21 267 | 202 13 | 15 204 
9.42 | 267 | 29 11 | 23 | 272 | 232 | 15 | 18 235 
21.4 | 273 | 29 | 12 | 24 | 280 | 229 | 15 18 232 
66.5 | 280 | 20 | 12 | 2 | 287 | 236 | 15 | 20 | 241 





1.45 n NaOH at 66° 


27.9 8.9 0.6 | 0.03 





1.00 44.6 19.0 1.1 1.2 8.4 
2.00 57.4 21.0 15 | 2.5 | 40.4) 15.4 0.9) 0.1 14.5 
4.10, 80.8 22.0 2.4 4.6 65.8, 30.5 1.9 0.5 29.1 
8.35 102.0 26.0 3.1 6.8 85.9 | 43.8 2.7 1.0 | 42.1 
16.2 | 122.8, 28.5 3.8 9.6 107.7 4.6 3.4 1.8 | 53.0 
32.3 | 1544.9 29 5.2 | 12.8 | 143.9 92.0) 5.8 | 4.1 | 90.3 
65.7 189 29 6.6 | 15.1 | 181.7 | 119.3 7.4 7.5 | 119.4 
121.7 | 212 29 7.6 18.0 208.6 160.2 10.1 | 10.0 | 160.1 
256.4 | 233 29 8.4 | 21.6 234.2 | 175 11.0 13.1 | 177.1 
381.4 | 240 29 8.8 | 23.0 | 242.8 188 11.7 15.0 | 191.0 


made on the HCl experiment are shown in Fig. 4 for 1.45 Nn NaOH 
at 66° and in Fig. 5 for 3.7 N Ba(OH)z at 100°. The data taken 
from Table III have been corrected as before, except that the 
fractional corrections for arginine and unknown ammonia have 
been made on the basis of the results previously obtained under 
similar experimental conditions (9, 13). 
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In neither of the cases do the amino determinations follow a 
first order equation. The reaction is very rapid initially and falls 
off as the hydrolysis proceeds. For the slower reaction in Fig. 4 
the experimental values for free amino acids exceed the expectancy 
up to a value of 170 to 180 and then fall below it. In the more 
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Fic. 4. Hydrolysis of egg albumin by 1.45n NaOH at 66°. Upper curve, \ 
q increase in free amino groups; lower curve, formation of free amino acids. { 
} The points are corrected experimental data and the smooth curve is ob- 
: tained as explained in the text. 
rapid Ba(OH), hydrolysis, most of the points fall below the ex- 
\ pectancy, but since these are chiefly above 180 they bear out the 
; NaOH results. 
; The failure to come up to the expectancy toward the end of the 
reaction is a reflection of the failure of the free amino acids to rise 
: to the a-amino group maximum as recorded in Table I. The 
k initial rise above the expectancy and the initial rapid hydrolysis of 
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bonds possibly indicate that certain bonds or certain groups of 
bonds are more labile to alkali than the general average. The 
data for the other experiments in NaOH give similar results when 
plotted in the same fashion. 

There is no essential difference in the curves if they are plotted 
without the unidentified ammonia correction. 
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20 40 60 
Hours 
Fic. 5. Hydrolysis of egg albumin by 3.7 n Ba(OH): at 100°. Upper 
curve, increase in free amino groups; lower curve, formation of free amino 
acids. The points are corrected experimental data and the smooth curve 
is obtained as explained in the text. 


The author is indebted to Professor R. K. Cannan for his advice 
and criticism during the course of this work. 


SUMMARY 


1. Data are presented on the rate of the alkaline hydrolysis of 
egg albumin under various conditions of temperature and hydroxy] 
ion concentration, and on the completeness of the reaction relative 
to acid hydrolysis. Ba(OH), was found to hydrolyze the egg 
albumin at a greater rate and more completely than NaOH. 
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2. A secondary reaction leading to a decrease in free amino 
groups with increasing time of hydrolysis was observed in 4.3 n 
NaOH at 100°. 

3. Determinations by the ninhydrin-CO, method of the forma- 
tion of free amino acids during the course of alkaline hydrolysis 
show that these do not rise to the value anticipated from amino 
determinations made by the nitrous acid method. 

4. A theory is presented to account for the rate of formation 
of free amino acids as a function of the number of peptide bonds 
hydrolyzed. The theory accounts for the course of the hydrolysis 
by acid, but fails with alkaline hydrolysis. 
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THE EXCRETION OF ESTROGENS IN THE BILE AND 
URINE AFTER THE ADMINISTRATION OF 
ESTRONE* 


By BERNARD B. LONGWELL anp FRANCES 8S. McKEEf 


(From the Department of Biochemistry, University of Colorado School of 
Medicine, Denver) 


(Received for publication, December 1, 1941) 


The réle of the bile as a pathway for the excretion of the meta- 
bolic products of the various estrogens has received scant atten- 
tion. Two patents report the presence of estrogens in the bile 
(1, 2). Gsell-Busse (3) accomplished the extraction of estrogens 
from the bile of various species. The most extensive report is that 
of Stamler (4) who injected “folliculine”’ intravenously into dogs 
and followed the time curve of excretion in both the urine and the 
bile. He reported that urinary excretion was completed in 21 to 
30 hours, whereas the bile ceased to contain estrogen 4 hours after 
the injection. The urinary excretion averaged 13 per cent of the 
amount injected, and the bile contained ‘“‘not less than 13 per cent.” 
He noted “no essential difference’? when the hormone was given 
subcutaneously. Apparently he did not study the two paths of 
excretion simultaneously in the same dog, nor did he attempt to 
distinguish the form in which the active substance was excreted. 
Dingemanse and Tyslowitz (5) recovered estrogenic substance from 
the bile of dogs which had been treated with diethylstilbestrol. 
Previous to these studies Dohrn and Faure (6) had reported the 
presence of estrogens in the feces of gravid women. 

The recovery in the urine of only a small part of the hormone 
after the injection of an estrogen has been established by the work 
of Zondek (7), Smith and Smith (8), Westerfeld and Doisy (9), 


* Presented before the Division of Biological Chemistry, American Chem- 
ical Society, Atlantic City, September, 1941. 

+ A portion of the material presented herein is from a thesis submitted 
to the Graduate School of the University of Colorado by Frances 8. McKee 
in partial fulfilment of the requirements for the degree of Master of Science. 
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Pincus and Zahl (10), and Dingemanse and Tyslowitz (5). <A 
part of the responsibility for this evident destruction has been 
placed upon the liver by the work of Zondek (7), Israel, Meranze, 
and Johnston (11), Heller, Heller, and Sevringhaus (12), Heller 
(13), Talbot (14), and Biskind and Mark (15). 

Heller’s research (13), which is not entirely comparable to the 
other reports because it was carried out by in vitro methods, demon- 
strated the transformation of estrone to a more active substance, 
probably a-estradiol, by a number of tissues. The uterus was the 
most active tissue in this reaction. The liver did not accomplish 
such a transformation, but did inactivate completely both estrone 
and a-estradiol. When the reaction mixture of liver and estrone 
was treated with sodium cyanide, however, a-estradiol was formed. 
These findings led the author to the conclusion that the liver con- 
verted estrone to a-estradiol and then rapidly inactivated the 
latter compound. 

Ketonic estrogens were found in the urine after the injection of 
a-estradiol or one of its conjugates by Westerfeld and Doisy (9), 
Fish and Dorfman (16), and Heard and Hoffman (17). Non- 
ketonic estrogens were present in the urine of the dogs treated with 
estrone in the experiments of Dingemanse and Tyslowitz (5). 
These findings show that the metabolic processes are capable 
either of the transformation of estrone to non-ketones or of the 
conversion of a-estradiol to estrone. 

The bile is a medium from which valuable information may be 
gained concerning these metabolic reactions. To be sure, it does 
not necessarily follow that any substance found in the bile has 
undergone a reaction by the liver. Such substances may represent 
excretory products which have not been changed by passage 
through the liver. The evidence is clear, however, that the liver 
is intimately concerned in the metabolism of the estrogens, and the 
bile seems a likely source of material with which to study these 
reactions. 

The following discussion is a report of experiments in which the 
excretion of estrogens in the bile and in the urine was studied 
simultaneously after the administration of estrone to female dogs. 


Methods 


Bile fistulas were prepared according to the method of Virtue 
and Doster-Virtue (18). The animals were maintained on a 
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complete stock diet with supplements of cod liver oil and yeast 
tablets. Except during the experimental periods, the collected 
bile was fed to the dog dailv. 

The urine and bile specimens were collected over a period of 72 
hours with the usual precautions to insure quantitative collection 
for metabolism studies. The urine was preserved with hydro- 
chloric acid during the collection. The bile specimens, which 
were collected daily during the experiment, were also preserved 
with hydrochloric acid and were kept in the refrigerator until the 
conclusion of the period. At the beginning of each experiment 
1.0 mg. (10,000 1.u.) of estrone in oil was injected subcutaneously. 

Extraction and fractionation of the bile and urine, respectively, 
were accomplished by the method of Dingemanse, Borchardt, and 
Laqueur (19) as modified by Callow, Callow, Emmens, and 
Stroud (20). The method was not varied except in the case of the 
extraction of the benzene solution of bile extract with aqueuous 
sodium bicarbonate, in which step three or four washings were used 
instead of the two prescribed for urine extracts. The greater con- 
centration of protein in bile posed the question whether the ex- 
traction of steroids would be complete in its presence. A control 
experiment was done in which an extraction was carried out in the 
usual way after the addition of 60 y of estrone to 450 cc. of bile. 
Recovery was 100 per cent. 

The ketonic estrogens were separated from the non-ketones with 
the Girard-Sandulesco Reagent T (21). Its effectiveness with 
bile was determined by separation of ketones from non-ketones 
after the addition of 60 y of estrone to the phenolic fraction. 80 
per cent of the estrone was recovered in the ketonic fraction. 
Westerfeld, Thayer, MacCorquodale, and Doisy (22) demonstrated 
the adequacy of this method with minute amounts of estrogens and 
reported the recovery of the ketonic compound to be from 70 to 
100 per cent. 

The fractionation of the non-ketones was accomplished by the 
method of Mather (23). Huffman, Thayer, and Doisy (24) con- 
firmed the efficiency of this method, which utilizes the difference 
in solubility of a-estradiol and estriol in 0.3 m sodium carbonate. 

The vaginal smear method was used for the assay of the estro- 
genic fractions of the bile and urine, respectively, and the assays 


! Mather, A., personal communication. 
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were performed on ovariectomized rats by an adaptation of the 
single subcutaneous injection technique of Gustavson, Mason, 
Hays, Wood, and D’Amour (25). The material was dissolved in 
oil for injection. The rats were standardized previous to the 
assays with crystalline estrone. 

At least one control experiment was run on each dog. This was 
similar in every respect to the injection experiment except that the 
dog received no estrone. 

Results 

Control Experiments—The control experiments gave no evidence 
of the presence of estrogens in either the bile or the urine. When 
the entire phenolic fraction was injected into a single assay rat, 
there was no vaginal response. The ability of the rat to respond 
was demonstrated by its positive response in later experiments with 
active extracts. Therefore, we conclude that there was less than 
1 rat unit (12 1.v.) in these extracts. 

Total Excretion in Bile—The results of all experiments are re- 
corded in Table I. In eight of the nine experiments, 7.e. with the 
exception of Experiment 2, the minimum biliary excretion was 
5.0 per cent and the maximum was 8.0 per cent of the injected 
estrone. In Experiment 2, Dog 1, the excretion was only 1.3 per 
cent. This animal had become emaciated before the experiment 
was begun, and it is possible that the function of the liver had be- 
come sufficiently impaired to affect the excretion of estrogen. 
Experiment 8 was the only instance in which the estrogen concen- 
tration in the bile was greater than that in the urine. 

Total Excretion in Urine—Again except in Experiment 2, eight of 
the nine experiments showed a minimum urinary excretion of 6.4 
per cent and a maximum of 9.7 per cent of the amount injected. 
In Experiment 2 the urinary excretion was 13.5 per cent, an 
amount which was significantly above the average of the other ex- 
periments at the same time that the biliary excretion was definitely 
below the average. 

Excretion of Ketones and Non-Ketones—Separation of the ketones 
and non-ketones of five of the bile extracts showed the non-ketonic 
fraction to be from 92 to 107 per cent of the total estrogen. These 
values indicate that all of the estrogen excreted in the bile was in 
the non-ketonic form. 
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On the other hand, similar treatment of three of the urinary ex- 
tracts gave values of the non-ketonic fraction of 61.8, 78.1, and 
80.9 per cent of the total estrogen. These values are of the same 
order as those previously reported by Dingemanse and Tyslowitz 
(5) for the dog. 


TABLE I 


Excretion of Estrogens in Bile and Urine Following Injection of Estrone 
in Dogs 
1 mg. (10,000 1. vu.) of estrone was injected in each experiment. 
All results are expressed in terms of the international unit of estrone. In 
each case marked % the value designates the per cent of the amount in- 
jected. 












































Experiment No..........ssss+0+ 1 2 3 4 5 6 7 8 4 
Bes uF) canetiedeevhanases ie 1 1 2 2 3 4 5 5 5 
Bile Total 505) 133) 647) 500 | 5386 | 750 | 600 | 804 | 776 
Non-ketonic 623) 500 | 536 | 805 | 556 
Soluble in 229 | 315 | 196 <66 
0.3 M 
Na.CO; 
Insoluble 286 | 445 | 360 667 
in 0.3 M 
Na,CO; 
Ketonic* 24 0 0 0 44 
Total, % 5.1} 1.3} 6.5} 5.0 | 5.4 | 7.5 | 6.0 | 8.0 | 7.8 
Urine Total 643/1348} 804) 833 | 750 | 970 | 760 | 652 | 865 
Non-ketonic 586 | 785 | 470 
Ketonic* 164 | 185 | 290 
Total, % | 6.48.8 8.0} 8.3 | 7.5 | 9.7 | 7.6 | 6.5 | 8.7 
Bile and | Total, % 1.5)14.8/14.5]13.3 |12.9 |17.2 |13.6 |14.5 |16.5 
urine | 


* Only the non-ketonic values were obtained by assay. Values for ke- 
tones were obtained by difference. 


When the non-ketonic estrogens were fractionated by the method 
of Mather (23), from 9.0 to 42.7 per cent of the total non-ketones 
was found to be soluble in 0.3 m sodium carbonate, and from 53.2 
to 91.0 per cent was insoluble in 0.3 mM sodium carbonate. Only a 
small amount of substance remained in the fraction undergoing ex- 
amination when this step was carried out. This made it impossible 
to inject an adequate number of animals in the assay procedure 
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and, therefore, we present these figures as approximations and not 
as absolute values. 

Total Excretion—The total combined excretion in the urine and 
bile ranged from 11.5 to 17.2 per cent of the estrone injected. The 
values are of the same order as those reported by other workers. 
It is not possible to make strict comparisons between these results 
and those of other workers because of the differences in amount and 
type of material injected, and because of the differences in the 
animals used as experimental subjects. Furthermore, these ex- 
periments measure biliary excretion which under normal circum- 
stances would be subject to reabsorption from the intestine. 
When Dingemanse and Tyslowitz (5) gave doses of estrone up to 
20 times as great as those used in our experiments, they found 
urinary excretion in dogs to range from 7.2 to 16.5 per cent of the 
injected estrone. 

DISCUSSION 

It is readily evident that biliary excretion as measured in these 
experiments does not give a true picture of the final fate of injected 
estrone in the intact animal. Under normal conditions at least a 
part of whatever active compound found its way into the bile 
would be subjected to reabsorption from the intestine and to 
further action by the liver. These experiments do give informa- 
tion, however, concerning the relative excretion by the liver and 
the kidneys, and they serve as a starting point for further investi- 
gation of the chemical nature of the end-products of estrogen 
metabolism found in the bile. 

It is significant that all, or practically all, of the active sub- 
stance in the bile was non-ketonic. The fact that this was not 
true of the urinary estrogens indicates that some of the injected 
estrone reached the kidneys without contact with any of the tis- 
sues which participate in its metabolism. On the other hand, it is 
not impossible that the estrone which appeared in the urine may 
have been converted to a non-ketone and then reconverted to a 
ketone before its excretion (Heller (13); Fish and Dorfman (16)). 
In reaching the bile, however, the estrone was subjected to the 
action of the liver, which has been found to be particularly active 
in estrogen metabolism. 

The appearance in the bile of a non-ketonic estrogen insoluble in 
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0.3 mM sodium carbonate gives evidence from experimentation 
in vivo which tends to support the conclusion of Heller (13) that the 
liver converts estrone to a-estradiol. In his experiments it was 
found that the a-estradiol so formed was rapidly inactivated by the 
liver, but in the present studies it is evident that some of the sub- 
stance which conforms to the solubility properties of a-estradiol 
escaped into the bile before inactivation had occurred. 

Heller found, furthermore, that estriol was only slightly affected 
by the liver. Our work casts no light upon the point of its forma- 
tion or upon its fate. 


SUMMARY 


The excretion of estrogens in the bile and urine, respectively, has 
been determined after the injection of estrone into female dogs. 
The biliary excretion ranged from 1.3 to 8.0 per cent of the injected 
estrone, and the urinary excretion was between 6.4 and 13.5 per 
cent. The minimum total excretion was 11.5 per cent and the 
maximum was 17.2 per cent. 

In five determinations on bile extracts, the non-ketonic fraction 
constituted practically 100 per cent of the total estrogen present, 
whereas, in three determinations on urine extracts, only from 
61.8 to 80.9 per cent of the total was non-ketonic. The biliary 
non-ketones were found to include an active substance insoluble in 
0.3 m sodium carbonate as well as one soluble in this reagent. 


The authors wish to express their appreciation of the coopera- 
tion of the following: Dr. Robert W. Virtue, who demonstrated to 
us the technique of preparation of the bile fistulas; Dr. Erwin 
Schwenk of the Schering Corporation, who furnished the estrone; 
and Dr. Alan Mather, who furnished detailed directions for his 
fractionation technique prior to its publication. 
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MICRODETERMINATION OF CALCIUM BY PRECIPITA- 
TION AS PICROLONATE AND ESTIMATION OF THE 
PRECIPITATED CARBON BY MANOMETRIC 
COMBUSTION* 


By DONALD D. VAN SLYKE anv FRANK J. KREYSA 


(From the Hospital of The Rockefeller Institute for Medical Research, 
New York) 
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The rapid and accurate gasometric procedure for microdeter- 
mination of organic carbon developed by Van Slyke, Page, and 
Kirk (13) and recently improved by Van Slyke and Folch (11) 
opens the way to an indefinite number of quantitative analyses 
in which substances are precipitated in centrifuge-combustion 
tubes with organic precipitants, and the amounts of the precipi- 
tates are measured by determinations of their carbon. This 
procedure is especially adaptable to microanalyses, because the 
combustion is accurate for samples containing amounts of carbon 
down to 0.1 mg., and precipitants can be used in which the organic 
component contains many carbon atoms for 1 atom of the element 
determined. Kirk (8) and Hoagland (5) have used this principle 
for micro phosphorus determinations in which strychnine phos- 
phomolybdate, with 28.4 (empirical factor) times as much carbon 
as phosphorus, is precipitated and burned, permitting analyses 
of samples with less than 0.01 mg. of phosphorus. Similarly 
Hoagland has used combustion of benzidine sulfate for micro- 
determinations of sulfate (5) and of magnesium hydroxyquinolate 
for magnesium (6). 

In the present method calcium is precipitated from aqueous 
solution as the picrolonate, Ca(C,oH7OsN,)2-8H2O, and the amount 


* This paper was submitted by Frank J. Kreysa in partial fulfilment of 
the requirements for the degree of Master of Science in the department of 
Professor Joseph B. Niederl, Graduate School of Arts and Science, New 
York University. 
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of the precipitate is estimated from the COz2 yielded by the com- 
bustion method of Van Slyke and Folch (11). The picrolonate is 
precipitated and burned without transfer in a Pyrex centrifuge 
tube. The fact that the picrolonate contains 20 carbon atoms to 
1 calcium makes the method applicable to samples with amounts 
of calcium down to 0.02 mg. 

Several authors have used picrolonate for quantitative deter- 
mination of calcium. Dworzak and Reich-Rohrwig (4) weighed 
it as a precipitate. Alten, Weiland, and Knippenberg (1) devel- 
oped a colorimetric method to measure the red color formed when 
the picrolonate was treated with bromine water. Bolliger (3) 
used known amounts of lithium picrolonate to precipitate the 
calcium, and estimated the picrolonate left in solution to calculate 
the amount precipitated by difference. 

The properties of calcium picrolonate have been studied by 
Robinson and Scott (10) and by Dworzak and Reich-Rohrwig (4). 
There is some uncertainty as to whether there are 7 or 8 molecules 
of water of crystallization, but the water content is of no signif- 
icance when the precipitate is measured by carbon analysis. The 
solubility in water at room temperature is reported by Robinson 
and Scott (10) to correspond to 5 mg. of calcium per liter. How- 
ever, our results indicate that the presence of free picrolonic acid 
in solution depresses the solubility of the calcium picrolonate to 
a small fraction of this value. 

To avoid resolution of any of the precipitate by wash water, 
washing is replaced by a complete drainage of the supernatant 
fluid. The picrolonic acid in the precipitated solution is so dilute 
(0.005 N), and the amount of it which remains adherent to the 
minute precipitate and to the clean walls of the tube is so slight 
and constant, that the carbon in it can be included without 
significant error in the correction for reagents obtained by blank 
analyses. 


Apparatus 


1. For the gasometric determination of carbon in the precipitate 
the Van Slyke-Neill (12) manometric apparatus is used, with the 
accessories for combustion described by Van Slyke and Folch (11). 
The shape of the combustion tube, however, is altered by tapering 
its bottom into a cone as shown in Fig. 1, so that it can serve also 





eo ~°* 


rr er> as OO OD 








D. D. Van Slyke and F. J. Kreysa 767 


as a centrifuge tube. The bottom of the tube must be of the 
dimensions and shape indicated in Fig. 1, in order to hold the pre- 
cipitates and to permit complete decantation of the supernatant 
fluid. The form of combustion-centrifuge tube shown in Fig. 1 
is somewhat more convenient than that used by Hoagland (5). 
Complete decantation is easier, and the combustion can be carried 
out with a free flame, as in Van Slyke and Folch’s description 
of the combustion (11), without need of the protecting device 
between the flame and tube which Hoagland found necessary. 
kc 
snail 


Glass } 
joint ‘i 
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Fic. 1. Combustion-centrifuge tube 


2. A drying oven with a temperature of 100—105°. 

3. For use when the calcium-containing material contains or- 
ganic matter and must be ashed, an electric muffle in which the 
temperature can be set at 500°. 

4. Pyrex glass stirring rods of about 2 mm. diameter to mix the 
precipitating solutions in the combustion-centrifuge tubes. It is 
well to make a small button on one end of each rod, and always 
use the other end for the stirring, in order to avoid contaminating 
the solutions with organic matter from the fingers. 

The combustion-centrifuge tubes and the rods are cleaned with 
hot chromic acid mixture as described by Van Slyke and Folch 
((11) p. 533). However, the desiccators with calcium chloride 
used by Van Slyke and Folch cannot be used when the tubes 
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are to be used for calcium determinations. The calcium chloride 
can be replaced by phosphorus pentoxide, or the washed tubes 
can simply be inverted in a covered beaker or wide mouthed 
Erlenmeyer flask and dried in an oven. 


Reagents 


1. Approximately 0.008 wn picrolonic acid. The purity of the 
picrolonic acid used is important, in order to obtain properly 
crystalline calcium picrolonate precipitates. Some impure prep- 
arations of picrolonic acid have been tried which regularly gave 
amorphous precipitates of calcium picrolonate, impossible to 
handle in the centrifuge tubes by the technique employed. A 
preparation of Kahlbaum’s picrolonic acid “for analysis’’ could 
be used without purification. Other preparations had to be 
recrystallized. 

To prepare the solution 2.1 gm. of picrolonic acid and 1 liter 
of water are placed in an Erlenmeyer flask covered with a watch- 
glass to retard evaporation, and are heated for 2 or 3 hours on a 
steam bath. The flask is rotated occasionally to assist solution. 
The solution is cooled to room temperature and filtered through a 
‘alcium-free filter paper to remove any undissolved residue. The 
solution is kept in an ice box, so that any material which is in- 
soluble at 0° will precipitate before the solution is used. 

2. Approximately 0.04 » hydrochloric acid. 

3. Concentrated sulfuric acid in a dropping bottle. 

4. Reagents for the Van Slyke-Folch combustion (11). 


Procedure 


A sample of solution containing 20 to 120 y of calcium is meas- 
ured into the combustion-centrifuge tube and concentrated to 
dryness by placing the tube in the oven at 100-105°. If any 
organic matter is present, it is then destroyed by adding a drop of 
concentrated sulfuric acid and ashing at 480-520° in the electric 


oven. 


When serum is analyzed, 0.2 or 0.5 cc. is measured into the centrifuge- 
combustion tube and 1 drop of concentrated sulfuric acid is added, The 
tube is put into the oven at 100-105° for 2 hours, and is then transferred to 
the electric furnace, where the temperature is raised slowly to 480-520°. 
It is left overnight at this temperature, which accomplishes the ashing with- 
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out softening the Pyrex glass. If particles of carbon still remain in the 
ash, the tube is returned to the furnace until the ash is white, but the initial 
12 to 14 hours usually suffice. The added sulfuric acid accelerates the de- 
struction of organic matter and also serves to protect the glass against the 
etching which might result if an alkaline ash or one high in chlorides were 


formed. 


To dissolve the ash 1 cc. of 0.04 N hydrochloric acid is added. 
One of the cleaned stirring rods is used to loosen up the ash, and 
is left in the tube while the latter is immersed in boiling water for 
10 minutes. Then | cc. of hot distilled water is added and the 
heating is continued for another 10 minutes to complete solution 
of the ash. 

The solution is cooled to room temperature and 2 cc. of the ice- 
cold filtered solution of picrolonic acid are added. The liquids are 
stirred occasionally with the rod until crystals of calcium picro- 
lonate appear, which occurs in 3 to 5 minutes. 

After a half hour at room temperature the tube is cooled to 
near 0° by immersion in ice water, and is kept at this temperature 
for an hour and a half. During the first half hour it is stirred two 
or three times. The stirring rod is then withdrawn and rinsed 
into the tube with 1 ce. of the 0.008 N picrolonic acid solution. 
The tube is capped and left for an hour longer at 0° to complete 
the crystallization. 

The tube is then centrifuged for 15 minutes at 3000 R.P.M. 
and the supernatant fluid is removed by suction through a fine 
curved capillary. To avoid loss of any of the crystals floating on the 
surface film, suction is not started until the capillary is immersed 
well below the surface. Then as the fluid is withdrawn the parti- 
cles in the surface film stick to the wall of the centrifuge tube and are 
not lost. Suction is stopped when 0.2 to 0.3 ec. of fluid remains 
over the precipitate. 

To drain off the rest of the supernatant solution the tube is 
inverted to an angle of about 30° with the horizontal and the lip 
is rested on a wet towel or filter paper. If a drop of liquid adheres 
in the narrow bottom of the tube, it is touched with a curved 
platinum wire, which breaks the surface film and starts drainage. 
After 2 minutes at the 30° angle the tube is shifted to a nearly 
vertical position and left there for 15 minutes to complete the 
drainage. The mouth of the inverted tube is sprayed with a few 
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drops of water to remove adherent picrolonic acid solution from 
the lip. Drainage in this manner leaves in the tube a uniform film 
of approximately 0.025 cc. of liquid. This film contains 0.031 
mg. of picrolonic acid, equivalent to 2.3 y of calcium. Variations 
in the film are not great enough to cause variations of more than 
+1 mm. in the blank, equivalent to 0.2 y of calcium. 

After the tube has drained, the carbon in the precipitate is de- 
termined by combustion as described by Van Slyke and Folch (11), 
the centrifuge tube serving as combustion tube. The pressure 
readings are made with the gases at 2 cc. volume. 

As a routine we have dried the tubes by immersion in a steam 
bath before the combustion, but this is not necessary, as the 
slight film of aqueous solution does not contain enough water to 
interfere with the efficiency of the combustion fluid. 

Blank Analysis—3 cc. of the 0.008 m picrolonic acid and 2 ce. 
of water are placed in a centrifuge-combustion tube which has been 
cleaned by use in a previous combustion or by heating in chromic- 
sulfuric acid. The picrolonic acid solution is decanted and the 
tube is drained exactly as in the analyses, and is subjected to 
combustion. The value of p: — ps2, measured with gas volume 
at 2 cc., obtained in this blank combustion is the ¢ correction. It 
includes a correction of about 10 mm. for the carbon in the piec- 
rolonic acid of the film left in the tube after draining. 

Calculation 

The micrograms of calcium in the sample are calculated by 
multiplying the CO, pressure, Pco,, from the burned precipitate 
by a factor given in Table I.) 

Micrograms Ca = Pco, X factor 
Poco. = (pi — p2 — ©) 

p; and p, are the manometer readings before and after absorp- 
tion of the carbon dioxide and c is the value of p; — pz obtained 
in the blank analysis. 

1 The factors for micrograms of calcium given in Table I are the factors 
for mg. of carbon of Van Slyke and Folch ((11) p. 529) multiplied by 1000 
xX 0.16686, 

40.08 _ weight of 1 gm. atom calcium 


0.16686 = = : : : 
240.20 weight of 20 gm. atoms carbon 
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TABLE I 


Factors for Calcium Calculation 
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Temperature 


°C 
10 
1] 
12 
13 
14 


15 
16 
17 
18 
19 


20 
21 
22 
23 
24 


SS BSNS 


32 
33 
34 


35 


* If a is not exactly 2 cc., multiply the factor in the table by a/2. 





EXPERIMENTAL 


Factor; micrograms Ca indicated by 1 mm. 
PCO» When a = 2.000 ce.* 





0.2460 
46 
33 
21 
09 


0.2398 
86 
76 
64 
53 


41 
31 
19 
09 
0.2299 


89 
79 
69 
59 
51 


41 
31 


I. Determination of Calcium in Standard Calcium Solutions with 
from 20 to 100 y of Calcium 

A stock solution containing approximately 1 mg. of Ca per ce. 
was prepared as follows: Selected crystals of Iceland spar were 
washed in dilute hydrochloric acid (about 0.1 N), then with water, 
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and were dried over phosphorus pentoxide. An accurately 
weighed sample of about 2.5 gm. of these crystals was transferred 
to a 1 liter volumetric flask, dissolved in 15 cc. of concentrated 
hydrochloric acid, and diluted with water to | liter. 

From this stock solution, 1, 2, 3, 4, and 5 cc. were accurately 
pipetted into 100 cc. volumetric flasks and diluted to the mark 
with water to make the dilute standards containing 10 to 50 y 
of Ca per ce. 

For the analyses in Table II, 2 ce. portions of the standard solu- 
tions were pipetted into the centrifuge-combustion tubes followed 
by 2 ec. of ice-cold 0.008 Nn picrolonic acid solution, and the pro- 
cedure of analysis was followed from that point as described above 
for routine analyses. 

The results are summarized in Table II. 


II. Serum Analyses: (1) Comparison of Picrolonic Acid Method 
with Results Obtained by Microtitration of Calctum Oxalate by 
Potassium Permanganate; (2) Recovery of Added Calcium 


1. Calcium determinations on blood serum were performed as 
described in this paper and the results obtained are summarized 
in Table III. 

For the microtitration with permanganate 2 ec. samples of 
serum were analyzed as described in Peters and Van Slyke (9), 
with washing of the oxalate by Clarke and Collip’s decantation 
method. 

2. Results from recovery of calctum added are summarized 


in Table IV. 


Estimation of Calcium in Low Calcium Tap Water by Combustion of 
Calcium Picrolonate 


According to Dworzak and Reich-Rohrwig (4) calcium can be 
determined gravimetrically as picrolonate in ordinary drinking 
and tap water. The silicic acid and iron to be expected do not 
interfere. These authors determined calcium in Vienna’s mineral 
waters, treating them directly with picrolonic acid without any 
preliminary operations. 

For control determinations by titration, 100 cc. portions of the 
water were concentrated to dryness on the steam bath and the 
residue was redissolved in 1 cc. of 1 N hydrochloric acid. The 











———————_ 








! 


Calcium 





content of PCO: 
sample | 

“f si ae mm. 
100.8 444.7 
100.8 | 442.6 
80.1 360.6 
80.1 359.0 
60.1 | 268.3 
60.1 267 .6 
40.1 179.7 
40.1 177.6 
20.0 88.5 
20. 90.9 


a* a F 
| 
ce. . 
2.006 28.6 
2.006 | 28.8 
2.000 | 32.0 
2.000 | 32.3 
2.000 | 29.6 | 
2.000 | 20.5 | 
2.000 29.2 
2.000 28.9 
2.000 31.8 
2.000 32.0 


TaB.e II 
Determination of Calcium in Standard Solutions 








‘actor from 
Table I 


0.2261 
59 


23 
20 


45 
46 


49 
52 


24 
23 














Calcium 
Found Error 
Y per cent 
100.5 —0.3 
100.0 —0.8 
80.2 +0.1 
79.8 —0.4 
60.2 +0.2 
- 60.1 | +0.0 
} 
| 40.4 +0.8 
40.0 —0.3 
19.7 —1.5 
20.2 


* Exact volume at which CO, pressures were measured. 


Comparison of Calcium Determination in 2 Cc. Samples of Serum by Oxalate 


TABLE III 


| +1.0 


Titration Method with Determinations in Samples of 0.5 and 0.2 Ce. 


Strain 
No. Volume PCO: 
of sample (duplicates) 
ce. mm. 
1* 0.5 123.9 
0.5 126.6 
2 0.5 220.6 
0.5 218.2 
3 0.5 226.8 
0.5 225.8 
4 0.5 235.0 
0.5 232.0 
5 0.5 242.6 
0.5 243.8 
6* 0.2 60.2 
0.2 61.8 
7 0.2 100.0 
0.2 97.9 
Ss 0.2 88.7 
0.2 90.4 


by Present Method 


Calcium content by present method 


ce. 


2.000 
2.000 
2.000 


2.000 


2.006 
2.006 
2.006 
2.006 
2.006 
2.006 
2.006 
2.006 


2.006 | 


2.006 
2.006 


2.006 | 


Tempera- 
ture 


7, 


KSs 
-_ © © 


Ca in 
sample 


28.3 


BSSSsy 
Po er ie 


SSHRRaate8 
NOOR DOANE, 


Ca in 100 ce. 
serum 
(average of 
duplicates) 


mg. 
5.72 
9.88 
10.12 
10.62 
10.92 


6.85 


10.0 





Calcium by 
titration, 
per 100 ec. 

serum 


mg. 


5.61 


9.94 


10.16 


10.58 


11.04 


6.75 


11.04 


10.16 





* Nephritic with low serum calcium. 
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774. Manometric Micro Calcium Determination 


solution was washed into a centrifuge tube and brought to pH 
approximately 5 by adding sodium acetate. The calcium was 
precipitated as oxalate which was washed three times by centrifu- 
gation with saturated calcium oxalate solution, and titrated as 
described by Peters and Van Slyke (9). Triplicate determina- 


TaBLe IV 
Recovery of Calcium Added to Serum 


Recovery of added Ca 





prong oy co \Caleium added f cme we od 
Serum No. on before per 0.5 ce dditic > a4 Per 0.5 cc 
addition | orem 0 5 o po La nin nd erage Per cent of 
of Senlionten added Ca 
Y 7 Y Y 
1 50.6 50.4 101.5 
101.9 51.1 101.3 
2 52.5 50.4 | 104.2 
104.5 §1.7 102.5 
3° 28.5 40.0 68.1 
67.9 39.5 98.8 
4 54.6 50.4 103.9 
| 103.8 49.3 97.8 





* Nephritic with abnormally low serum Ca. 


TaBLe V 
Determination of Calcium in New York City Tap Water 
Calcium determined in 100 cc. samples by permanganate titration = 


12.45 mg. per liter. 


Volume of Tempera- Ca in 


sample Pe 02 . ture Factor sample Ca per liter 
ee. mm, ce. a of ¥ mg. 
2.0 134.5 2.006 27.8 0.2268 25.0 12.52 
2.0 134.5 2 


2.006 | 27.9 67 25.0 12.52 


tions indicated 12.42, 12.41, and 12.51, average 12.45, mg. of Ca 
per liter of water. 

For microanalyses by picrolonate combustion 2 cc. portions of 
New York City tap water were treated in the same way as the 
calcium standard solutions. The results given in Table V serve 
as an example of a water of relatively low calcium content. 
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Remarks 


The 0.008 m picrolonic acid solution used as precipitant is 
approximately saturated at 0°. For the exact solubility of pure 
picrolonic acid in water Hugouneng, Florence, and Couture (7) 
gave 1.2 gm. per liter at 17°, but other authors (1, 4) have used 
0.01 m solutions (2.64 gm. per liter) as analytical reagents. 

If the concentration of free HCl were too great in the precipi- 
tating solution, free picrolonic acid would be precipitated with 
the calcium picrolonate. We have found that HCl up to 0.02 
n concentration does not precipitate picrolonic acid under the 
conditions of the present analysis, but that 0.05 n HCl would 
cause error from precipitation of free picrolonic acid. The condi- 
tions for redissolving the ash of serum are designed to keep the HCl 
concentration within 0.02 N at the time of precipitation. 

Under the conditions used for serum analysis there is no inter- 
ference from the amounts of magnesium present. 

The chief difficulty encountered in making the method practical 
was in ascertaining the conditions to insure a dense crystalline 
precipitate, suitable for centrifuging and decanting. Pure 
picrolonic acid was found to be essential; one commercial prepara- 
tion gave only amorphous precipitates until it was purified. 
Furthermore, the concentrations of the calcium and the picrolonic 
acid and the temperature of the solution influence the character 
of the precipitate. The prescribed stirring with a glass rod is 
necessary to obtain uniformly the crystalline form of the precipi- 
tate. 

In ashing serum, temperatures up to 520° could be used without 
softening the Pyrex glass, and repeated carbon determinations 
on the acid ash gave negative results. Temperatures much higher 
than 520° soften the glass enough to spoil the fit of the ground glass 
joint of the tube. Baernstein and Grands (2), in a paper which 
has appeared since this work was completed, use a similar ashing 
technique, but with silica tubes and a temperature of 600°, which 
gave complete ashing in 3 hours. If many calcium determinations 
were to be run routinely, the time saved by substituting silica for 
Pyrex would probably be worth the extra cost. 


i 
i 
i 
| | 
| 
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SUMMARY 


A micromethod for calcium is described in which the calcium is 
precipitated as picrolonate and the precipitate, containing 20 
atoms of carbon to 1 of calcium, is estimated from the carbon, 
which is determined by the rapid manometric wet combustion 
method of Van Slyke and Folch. Precipitation and combustion 
are done without transfer in a single centrifuge-combustion tube. 

The method serves for estimation of smaller amounts of calcium 
than can be determined accurately by the usual microprocedures 
based on titration of the oxalate; 0.2 mg. of calcium or 0.2 ce. of 
serum suffices for an analysis. 
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STUDIES ON THE HEMOLYTIC STREPTOCOCCUS 


IV. FURTHER PURIFICATION AND CONCENTRATION 
OF SCARLET FEVER TOXIN * 


By A. H. STOCK 


(From the Pathological Laboratories, Children’s Hospital and the University 
of Pittsburgh, Pittsburgh) 


(Received for publication, August 13, 1941) 


In a previous paper (1), the preparation of a partially purified 
erythrogenic toxin of scarlet fever was described. This fraction 
contained 10,000,000 skin test doses per mg., but had chemical 
properties similar to non-erythrogenic fractions from non-scar- 
latinal strains. Further studies have indicated that a heat-co- 
agulable protein, present only in the toxic fractions, is actually 
the specific scarlet fever toxin. The active protein contained 
about 200,000,000 skin test doses per mg. The toxin was about 
50 per cent pure in the best preparations. 

In the present paper the methods of preparation and identifica- 
tion of the heat-coagulable protein will be presented. The separa- 
tion of pure toxin by means of the Tiselius electrophoresis appara- 
tus and the chemical and physical properties of the protein will 
be described in another paper (2). The essential principles for 
the preparation of the toxin were (a) the use of a diffusate medium 
which had passed by dialysis through No. 600 cellophane for the 
culturing of the streptococcus, and (b) the separation from these 
cultures of a filtrate containing a non-dialyzable toxin. Two 
factors have been largely responsible for increased bacterial growth 
and enhanced toxin production; namely, first, the replacing of the 
meat infusion broth by a tryptic digest broth modeled after the 
methods of O’Meara (3) and Pope and Linggood (4). A modifica- 
tion in the method of adding the trypsin was made by the substitu- 
tion of whole pancreas for Cole and Onslow’s acid alcohol extract 


* This work was supervised by Dr. Maud L. Menten. 
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of pancreas. The second factor was the use of culture neutraliza- 
tion similar to those methods practiced by Mueller and Klise (5), 
Hooker, Follensby, Claxton, and Tayian (6), and others. 
Preparation of Medium—The basic broth for dialysis was pre- 
pared in the following manner. For 80 liters of broth, 60 pounds 
of ground beef heart, 30 pounds of ground beef pancreas (fresh or 
frozen), and 40 liters of water (tap or distilled) were used. 20 
liters of water were added to the beef heart and heated to 80° in a 
steam cauldron in order to destroy antitrypsin. After addition of 
another 20 liters of water and cooling to 50° the mixture was ad- 
justed to pH 8 with NazCOs, phenol red being used on a spot plate. 
6 pounds of pancreas were added initially and at the end of the 
Ist, 2nd, 3rd, and 4th hours. After each addition, the reaction 
was adjusted to pH 8. The initial adjustment required approxi- 
mately 240 gm. of NasCO; and each subsequent adjustment re- 
quired about 60 gm. Digestion was allowed to proceed between 
42-50° for 5 hours, at which time the digested mixture was made 
acid to phenol red with approximately 750 ml. of concentrated HCl 
and placed in a steam cauldron. The mixture was boiled for 15 
minutes, cautiously because of foaming. The steam was turned 
off and the whole was allowed to settle for 5 minutes. The spigot 
at the bottom of the cauldron was opened and the broth drawn off 
through the packed layer of meat, filtered through glass wool, and 
then adjusted to pH 7.8 with 10 per cent NaOH (approximately 
1.5 liters being required). The fluid was then distributed between 
two containers of 35 liters capacity each and left in the refrigerator 
overnight to allow the phosphate to settle out. The following 
morning the supernatant broth was siphoned off and distributed 
into twelve cellophane bags, each of which was placed in 5 liters of 
water for dialysis as described in detail elsewhere (1). After 24 
hours dialysis in the ice box, the clear golden yellow diffusate, 
which had passed through the cellophane, was removed and pooled. 
A second dialysis with each bag was made against 2.5 liters of 
water and these diffusates added to the first portion. After com- 
pletion of dialysis, 0.05 per cent of dextrose was added to the total 
diffusate and the broth was autoclaved at 10 pounds (115°) for 30 
minutes. The dialyzed medium contained only 35 gm. of solids 
per liter as compared to 110 gm. per liter for the whole digest 
broth. For the preparation of one lot of toxin, instead of the 
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described tryptic diffusate, a dried tryptic medium prepared by 
Difco, Detroit, was used. The toxin derived from this medium 
contained considerable pigment. 

Inoculum of the NY5 strain of streptococcus was prepared and 
transferred into the diffusate medium as previously described (1). 
10 to 80 liters of diffusate medium were cultured at one time. 
The cultures were incubated overnight at 30-37.5°. Wide range 
of temperature made little difference in bacterial growth or toxin 
production. In the morning 100 ml. of a 60 per cent glucose 
solution containing 40 mg. of phenol red were added to each flask 
containing 4.5 liters of medium. The lactic acid developing dur- 
ing bacterial growth was neutralized to between pH 7 and 7.4 
periodically with NaOH or by immediate addition of NaHCOs. 
A total of 50 ml. of 10 per cent NaOH per liter of culture was the 
amount usually needed for periodic neutralization during the 5 
hour period of rapid growth. If the NaHCO; was used, 600 ml. 
of a saturated (10 per cent) solution, sterilized by filtration through 
a 10 X 2 inch Berkefeld N filter, were added to each flask (4.5 
liters) of overnight culture. This amount is sufficient for adequate 
neutralization of the lactic acid formed during bacterial growth. 
Our experiments have shown that as high as 3 per cent NaHCO; 
may be used in tryptic diffusate broth without inhibition of bac- 
terial growth. The use of 4 per cent NaHCO; proved to be 
inhibitory. 24 hours after the beginning of neutralization the 
cultures usually became quite acid, about pH 5.8. With the 
diffusate medium, the growth of bacteria obtained was always 
exceedingly profuse. A modified Gates-Feemster (7) nephelom- 
eter was used for measuring bacterial growth. Without neu- 
tralization of the culture, readings of 70 to 90 were obtained, but 
with neutralization of the acid developing with bacterial growth 
readings as high as 270 to 400 were obtained. Similarly, the 
amounts of toxin increased in almost direct proportion to the 
growth. Filtrates of neutralized cultures contained 200,000 skin 
test doses per ml. A sterile filtrate was obtained from the cultures 
by passage through a 10 X 2 inch Berkefeld V filter equipped 
with an automatic siphon arrangement. 

Separation of Toxin—The method for the separation of the toxin 
from the filtrate was the same as that previously published (1), 
and consisted of adsorption at pH 4.0 with Lloyd’s reagent, elution 
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with alkaline buffer, precipitation of the eluate with ammonium 
sulfate, and dialysis of the precipitate in a cellophane bag. Sey- 
eral improvements have facilitated the procedure: Addition of 2 
gm. of Lloyd’s reagent per liter of filtrate was required to insure 
complete adsorption, and 65 gm. of solid ammonium sulfate per 
100 ml. of eluate were used instead of a saturated solution for 
precipitation. 

In many of the earlier preparations, clupein sulfate (British 
Drug Houses) was added to the final dialyzed solution of toxin and 
the resulting precipitate discarded. This reagent removed a 
nucleoprotein-like substance precipitable by acid (2) and also 
cleared the solution of much brown pigment. The nucleoprotein- 
like substance was found in cultures neutralized either by NaOH 
or NaHCO. Its significance is not known. The use of clupein 
sulfate was omitted in later preparations, because it added a 
possible interfering protein constituent. 

Preliminary Testing of Isolated Toxic Fraction—The dialyzed 
solution containing the toxin could be separated into two parts by 
heating. The heat-coagulable part was shown to contain the 
erythrogenic toxin. In the earlier preparations the protein co- 
agulum was obtained by heating without addition of salt. Later, 
with more highly purified preparations, it was necessary to add 
ammonium sulfate in order to obtain a heat-coagulable precipitate. 

For identification and determination of the amount of heat- 
coagulable toxic protein, the following procedure was used. To 
(0.2 ml. of the test solution, 2 drops of saturated ammonium sulfate 
were added, and the mixture heated 15 minutes in an oven at 110°. 
A coagulum indicated toxin was present. When no salt had been 
added, the coagulum and the non-heat-coagulable residue were 
dried and weighed on the Kuhlmann micro balance. Equivalent 
amounts of coagulum were centrifuged and resuspended in water, 
and used as a means of establishing a standard turbidimetric read- 
ing on a Klett photoelectric colorimeter. Subsequently, approxi- 
mate determinations of weights of toxic protein were made by the 
turbidimetric method in order to save material and avoid difficul- 
ties involved in microprocedures. From the weight of heat- 
coagulable protein, or the turbidity readings, approximate prelim- 
inary dilutions of toxic protein could be made for skin testing. 
Skin tests compared with controls obtained by commercial Dick 
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toxin have indicated that the heat-coagulable protein contained 
about 200,000,000 skin test doses per mg. 

Proof That Heat-Coagulable Protein Contained Scarlet Fever 
Toxin—As indicated elsewhere (2) the heat-coagulable protein 
was precipitable by trichloroacetic acid, whereas the non-heat- 
coagulable residue was not precipitated. Heat coagulation 
denatured the toxin irreversibly. Trichloroacetic acid denatured 
the toxin, but not completely. The protein precipitated with 5 
per cent trichloroacetic acid was insoluble in water. The precip- 
itate was triturated with ether, washed with water, and cautiously 
dissolved by the addition of dilute NaOH to neutrality. The 
trichloroacetic acid was dialyzed out from the non-acid-precipitable 
solution after removal of the precipitate. The dissolved precip- 
itate and the dialyzed residue were skin-tested. The toxin, con- 
siderably diminished in titer, was present only in the dissolved 
precipitate. 

Absence of Hemolysin and Fibrinolysin Production in Diffusate 
Medium—Hemolysin and fibrinolysin production of the NY5 
strain in the diffusate and the whole tryptic digest broth was 
tested. There was little or no hemolysin production in the 
diffusate. This strain also failed to produce fibrinolysin in the 
diffusate medium, which is not surprising, since the NY5 strain is 
poorly fibrinolytic. Therefore, fractions containing hemolysin or 
fibrinolysin were not anticipated in the final purified toxic prepara- 
tions. However, it is noteworthy that hemolysin production by 
the NY5 strain in undialyzed tryptic digest broth gave a high 
lytic titer, viz. 1 + hemolysis with a lysin dilution of 1:2048, and 
0.5 ml. of 5 per cent red blood cells (human). This hemolysin was 
free in the supernatant fluid of a centrifuged culture. 


Results 


A total of thirty-five preparations of scarlet fever toxin was 
made by the outlined methods. In all instances a heat-coagulable 
toxie protein was obtained in the final purified fraction. The 
amounts of specific protein varied from 0.2 to 1.0 mg. per liter of 
filtrate. There was a close correlation between the weight of 
protein and the number of skin test doses; namely, about 200,- 
000,000 skin test doses per mg. The percentage of heat-coagulable 
protein in the final fractions varied. Preparations treated with 
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clupein were about 50 per cent pure, but the percentage of protein 
in untreated fractions was less. The final products were highly 
colored with brownish pigments unless treated with clupein. 

Numerous attempts to separate chemically the protein from 
pigment or non-heat-coagulable material were not very successful. 
Chemicals, such as trichloroacetic acid, separated the protein but 
there was denaturation. Fractional precipitation with ammonium 
sulfate, or by the use of alcohol, acetone, or dioxane did not sepa- 
rate appreciable amounts of non-heat-coagulable material. At- 
tempts made to “crystallize’”’ the protein were abandoned, owing 
to the small amounts of substance available. 

Results with Other Strains of Hemolytic Streptococci—Toxin sep- 
arated from filtrate prepared from another strain of streptococcus 
of scarlet fever, Dick 2, possessed properties identical with those 
characteristic of the NY5 strain. Heat-coagulable protein was 
separated and skin tests indicated its activity to be comparable 
to that of the protein obtained from the NY5 strain. On the other 
hand, two small lots of filtrate from two non-erythrogenic non- 
scarlet fever strains gave no yield of a heat-coagulable toxic protein. 


DISCUSSION 


2 years of extensive study of thirty-five preparations of heat- 
coagulable toxic protein have indicated its identity with the true 
scarlet fever (erythrogenic) toxin. A diffusate medium which 
has been dialyzed through cellophane assures the bacterial origin 
of the non-dialyzable, heat-coagulable protein. Toxic activity 
roughly paralleled the quantities of protein present in the heat- 
coagulable fraction. No heat-coagulable protein was isolated 
from non-scarlatinal, non-erythrogenic strains of hemolytic strep- 
tococci. No hemolysin or fibrinolysin production occurred in the 
diffusate mediums and these toxins at least did not complicate the 
isolation of scarlet fever (erythrogenic) toxin. Separation of the 
protein by trichloroacetic acid precipitation and resolution indi- 
cated either that the toxin was associated with this protein or that 
the protein was the toxin itself. Evidence for the latter assump- 
tion is adduced in the following paper (2). 

The scarlet fever toxic fractions obtained by Barron, Dick, and 
Lyman (8) and by Koerber and Bunney (9) have low potency as 
compared to our heat-coagulable protein. The toxin studied by 
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Barron, Dick, and Lyman contained 20,000 to 30,000 skin test 
doses per mg. compared to 200,000,000 skin test doses per mg. for 
the heat-coagulable protein. The “protein-free” scarlatinal toxin 
prepared by Koerber and Bunney contained 100,000 skin test doses 
per 0.01 mg. of nitrogen compared to 15,000,000 skin test doses per 
0.01 mg. of nitrogen for the heat-coagulable protein. 


SUMMARY 


A heat-coagulable protein apparently identical with scarlet 
fever (erythrogenic) toxin was separated from filtrates of cultures 
in improved diffusate mediums. The toxic protein contained 
about 200,000,000 skin test doses per mg. and was approximately 
50 per cent pure. It was not obtained in crystalline form. 
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Pittsburgh, Pittsburgh) 


(Received for publication, August 13, 1941) 


A chemical procedure has been developed which yields concen- 
trated scarlet fever toxin of a high degree of activity (1). Prep- 
arations obtained by this method contained a heat-coagulable 
protein which was apparently identical with scarlet fever erythro- 
genic toxin; this protein was at best only 50 per cent pure. The 
toxin preparations (hereafter referred to as chemically isolated 
toxin, and designated Toxin CI) have now been subjected to elec- 
trophoretic fractionation. A  heat-coagulable protein was 
separated which alone carried the toxic activity, and which was 
homogeneous with respect to both electrophoresis and sedimenta- 
tion in the ultracentrifuge. The chemical and physical properties 
of this heat-coagulable protein were determined, and data were 
also obtained on the other constituents accompanying the toxic 
protein. 

Preparation of Materials—The methods used for obtaining the 
concentrated solutions of Toxin CI were those already described 
(1). The cultures were kept neutral with NaOH. The use of 
clupein for purification was omitted to avoid the interference of 
an additional protein constituent. The sources of the four lots of 
toxin, P, A, B, and C, submitted for electrophoresis were as follows: 
Lot P was prepared from filtrates of cultures grown in the diffusate 


* This work has been carried out in cooperation with Dr. Maud L. Menten 
of the Children’s Hospital and the University of Pittsburgh, Pittsburgh. 
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of dried tryptic digest broth specially made for us by Difco (1). 
The amount of brownish pigment was excessive. The remaining 
lots were recovered from growths in diffusates of undried tryptic 
digest broth. Lot A was pooled material from several prepara- 
tions. Lots B and C were prepared from single large quantities 
of diffusate, and the final toxin solutions were concentrated to 
small volumes by evaporation from the frozen state.'_ All samples 
were shipped between Pittsburgh and Philadelphia or Newark, 
Delaware, by air mail. 

Electrophoresis of Chemically Isolated Toxin Preparations; Com- 
position and Mobilities—Electrophoresis of Toxin CI was _per- 
formed in standard Tiselius equipment (2). The movement of 


V 





1 Up 


Fig. 1. Electrophoretic diagram of chemically isolated scarlet fever 
toxin. Lot A; potential gradient, 4 volts per cm.; times of migration, 0 and 
2 hours. Descending boundaries, cathode arm. The vertical line shows 
the position of the pigment boundary (colored solution to the left, colorless 
solution to the right). The roman numerals represent constituents. 


the boundaries was recorded by the schlieren scanning method (3). 
Before electrophoresis, each lot was either concentrated by evap- 
oration from the frozen state or diluted by the addition of buffer 
solution to the volume necessary to fill the electrophoresis cell, and 
then dialyzed to equilibrium against large volumes of a buffer 
solution of pH 7 containing 0.15 m NaCl and 0.02 m phosphate. 
A typical schlieren diagram after migration for 2 hours at a 
potential gradient of 4 volts per cm. is reproduced in Fig. 1. 
Three of the four toxin preparations were resolved into five 
constituents: I, IT, III, IV, and a brownish pigment, unnumbered, 


' The evaporation was carried out by Dr. Donald Wilson of the Physio- 
logical Chemistry Department, School of Medicine, University of Pitts- 
burgh. 
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which was adjacent to Constituent II but was not associated with 
it; all migrated toward the anode in this particular buffer. The 
concentration of the pigment was too low to influence the refractive 
index diagrams, and the migration was strongly inhomogeneous. 
Lot C was similar to the other lots except that it contained a sixth 
constituent (N); after the first fractionation this precipitated out, 
presumably because it was insoluble in the absence of one or more 
of the faster migrating constituents, and it was observed there- 
after only as a turbidity boundary. The turbidity was removed 
by centrifuging in the multispeed head of the International centri- 
fuge for 10 minutes at 9000 r.P.M. with dry ice placed in the casing 
to maintain a low temperature. 

The mobilities of the colorless constituents, calculated from the 
migration of the descending boundaries in the cathode arm of the 
U-tube (4), are listed in Table I (1-3, 5). The relative concen- 
trations of these constituents and the absolute concentration of 
refractive material in each lot are given in Table II; these were 
calculated from the areas of the schlieren scanning diagrams upon 
the assumption that the specific refractive increment of each 
constituent is 0.0018, and were corrected for the dilution or con- 
centration which preceded electrophoresis. 

The turbidimetric analyses (1) for the heat-coagulable protein 
in each lot are included in Table II. As will be shown later, both 
Constituent II and Constituent IV are coagulated by heat. Con- 
sequently, the refractometric estimates of total concentration must 
be multiplied by the sum of the percentages of Constituents IT and 
IV for comparison with the turbidimetric values. Our experience 
has indicated that the turbidimetric method of analysis does not 
give an exact measure of the weight of heat-coagulable protein. 
The inaccuracy of the method is probably due to several factors, 
chief of which are the adsorption of pigment by the coagulum and 
the insensitivity of the turbidimeter (a Klett photoelectric colorim- 
eter) to the small amounts of coagulum available. Variations 
in the size of the coagulated particles may, likewise, cause appreci- 
able differences in the turbidimetric readings. As can be seen, 
the values obtained turbidimetrically were high compared with 
those calculated from the refractive index in the electrophoretic 
determination. The latter figures, although based on an assumed 
value for the refractive index, were probably not more than 25 per 
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cent in error. However, the values obtained by turbidimetric 
analyses for different unfractionated samples were suitable for 
comparison, and were sufficiently within the range of the true 


TaBLeE | 
Mobilities of Constituents of Chemically Isolated Scarlet Fever Toxin 
(Toxin CI) 
Buffer, 0.15 m NaCl, 0.02 m phosphate, pH 7. Net charge negative in al] 
cases. 


Constituent No. 


ag Content of solution : 
1 | Lot P | 10* 8 2* 
2 ae 10.3 | 6.8 | 5.3 1.9 
3 ” 10.0 | 6.8 | 5.2 2.2 
4 | AandB 10.6 | 6.7 5.0 2.1 
Ee nlite Maan 7.0 | 5.1 2.3 
6t | Lot C 9.8¢) 5.2 3.4 | 2.5 0.9 
7 | Prédominantly C, small amounts! 9.9 6.5 5.3 | 2.98 | 1.9 

A and B 

8 a i 1.9 
9 _ y 1.9 
10 “ ” 3.2§ | 2.0 
11 | C, A, and B 1.93|) 


* Value only approximate. 

+ In this run some disturbance of unknown origin (perhaps a slow leak 
through one of the rubber joints of the apparatus) caused a fairly uniform 
movement of the solution as a whole through the cell in the direction 
opposite to that of migration, and diminished the apparent movement of 
the boundaries through the cell. The extent of separation of the boundaries 
was normal. Approximately normal values for the mobilities are obtained 
by adding a constant (1.0 to 1.5) to each of the figures. 

t From measurements of the migration of the ascending boundaries in 
the positive arm of the U-tube. 

§ From measurements of the movement of the turbidity boundary. 

|| Caleulated from the positions of the ordinates bisecting the curve 
areas; the most reliable figure. 


values for calculation of the appropriate preliminary dilutions for 
clinical skin tests. 

The similarity of the different lots of material isolated from the 
bacterial filtrates was clearly shown by the electrophoretic pat- 
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terns, particularly of the more concentrated Lots A, B, and C. 
However, considerable variation was observed in the relative 
quantities of the four constituents from lot to lot (Table II); this 
was probably the result of differences in the growth of the bacteria 
or of slight variations in the details of the preparation. 
Electrophoretic Fractionation; Identification of Constituents—For 
the purpose of electrophoretic fractionation, migration was allowed 
to proceed, with compensation as required, until the boundaries 
for Constituents I and IV in each arm of the U-tube were separated 
by the entire cell height. The fractions separated by the electro- 
phoretic fractionation of Lots P and B were returned to the 


TABLE II 
Composition of Four Lots of Chemically Isolated Scarlet Fever Toxin 
(Toxin CI) 
Percentage composition® 
Heat-coagu- 
Toxin lot | C Cc Con- Con- Con- fiir —_— ~ 
= . . ° . | stance 
stituent I |stituent 11| Stituent | stituent | stituent 
| . 7. per el. | os. per al. . 
iy 13 25 62 2.6 0.7 
A 13 17 13 57 9.5 11.0 
B 18 37 21 24 5.4 5.0 
C 24 13 9 7 47 8.3 | 9.5 


* Determined by integration of the schlieren scanning diagrams, assum- 
ing that the specific refractive increment of each constituent is 0.0014. 
t Determined by turbidimetric analysis. 


Children’s Hospital, Pittsburgh, and analyzed for heat-coagulable 
protein by the turbidimetric procedure; from the turbidimetric 
values, dilutions were calculated for Dick tests on human beings. 
The turbidimetric analyses and the skin test data for the solutions 
collected from the compartments of the electrophoresis cell, for 
both Lot P and Lot B, are listed in Table III together with the 
refractometric estimates of the concentrations of each of the four 
constituents. The skin test data for Lot B show that the toxic 
activity is associated with Constituent IV alone. The lower anode 
fraction of Lot P showed somewhat higher activity, and the upper 
cathode fraction lower activity, than would be expected from the 
estimated content of Constituent IV, but owing to the low concen- 
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tration the fractionation of Lot P could not be so carefully con- 
trolled as the fractionation of Lot B; the estimated final positions 
of the boundaries may have been in error to some extent, because 
optical observations were possible only during the first third of 
the experiment. 

The turbidimetrie data, on the other hand, indicated that Con- 
stituent IV was not the only heat-coagulable substance present in 
Toxin CI; to account for the distribution of heat-coagulable 
material it was necessary to assume that Constituent II was also 
coagulated by heat. Fractions containing Constituent II were 
then found to contain an acid-precipitable protein (see Table III), 
and Constituent II was identified as an acid-precipitable, heat- 
coagulable, nucleoprotein-like substance. Our data indicate that 
this substance has no high erythrogenic activity such as is shown 
by Constituent IV. 

Constituent I was shown not to be heat-coagulable. The data 
do not exclude the possibility that Constituent III may be coagu- 
lated by heat. 

Electrophoretic Isolation of Scarlet Fever Toxin—Once the toxic 
activity had been identified with the slowest migrating constituent 
(Constituent IV), it was a simple matter to remove the inactive 
constituents by means of electrophoresis; this was done with 
Lots A, B, and C. 

After removal of all impurities except the small amounts of 
Constituent III which were not removed by the preliminary frac- 
tionation, the toxic Constituent IV appeared to be extremely 
sensitive to surface denaturation, and the syringe normally used 
for filling and emptying the electrophoresis cell had to be replaced 
by a long capillary pipette to avoid denaturation around the 
minute bubbles of air which were drawn into the solution at the 
junction of the glass syringe with the needle. After drying by 
evaporation from the frozen state for storage® or concentration it 
failed to dissolve completely but gave solutions which remained 
slightly turbid;* the unfractionated Toxin CI, on the other hand, 

* After the preliminary fractionation of Lots A and B the investigation 
was interrupted temporarily because of the moving of the laboratory from 
Philadelphia to Newark, Delaware. All the fractions were dried by evapo- 
ration from the frozen state to minimize the chance of deterioration during 


transfer. 
* Turbid solutions were cleared by centrifuging in the multispeed head, 
as described earlier. 





as 


+ 
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could be dried and redissolved without visible deterioration. It 
is believed that this turbidity was the result of surface denaturation 
which occurred around small bubbles of air trapped in the solid 
at the time of solution, and that in the unfractionated solutions 
the toxin was stabilized against such denaturation by the presence 
of more strongly surface-active impurities. 

All the samples of the partially purified toxic constituent (IV) 
from Lots A, B, and C were combined and concentrated for a final 
run to remove the remainder of Constituent III (see Fig. 2 and 
Table I, Run 11). The electrophoretically purified scarlet fever 
toxin separated by this run was used for the determination of the 


WV 


vn 


Fic. 2. Final fractionation of scarlet fever toxin. Potential gradient, 


4 volts per cm.; time of migration, 2 hours. Descending boundaries, cath- 
ode arm. For an explanation of the e-boundary, see (4). The roman nu- 


merals represent constituents. 


ultraviolet absorption and the sedimentation velocity in the ultra- 
centrifuge. All of it (including that recovered from the absorption 
and sedimentation measurements) was then sent by air mail to 
the Children’s Hospital, Pittsburgh, for chemical and clinical 
tests. It was frozen for shipment to minimize the chances for 
surface denaturation during transit; it was still frozen when 
received. 

Chemical Properties of Toxic Protein—The erythrogenic protein 
was not precipitated from Toxin CI by acidification to pH 4 nor 
by the addition of large volumes of glacial acetic acid, but it was 
precipitated by tannic acid and trichloroacetic acid. The pre- 
cipitates could be redissolved by cautious addition of dilute NaOH; 
the addition of acetic acid to these solutions, however, caused 
reprecipitation of the protein, thereby indicating denaturation 
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by the original precipitating acids.‘ Reinecke acid also formed 
a precipitate, but Reinecke salt did not. Clupein at various pH 
values did not precipitate the toxin, although as already indicated 
it removed the acid-precipitable nucleoprotein-like substance. 

Emulsification with butyl alcohol and chloroform did not remove 
the heat-coagulable protein from Toxin CI. This is surprising 
in view of the sensitivity of the electrophoretically purified toxin 
to surface denaturation, but it is consistent with the stability of 
the toxin toward surface denaturation in the presence of the 
rapidly migrating constituents of the unfractionated Toxin CI. 

The toxic protein was completely adsorbed from Toxin CI by 
a simple aluminum hydroxide gel; this observation coincides with 
the results of Farago (5), who worked with less pure scarlet fever 
toxin. 

Attempts were made to find a flocculation end-point with Toxin 
CI and commercial scarlet fever antitoxin as indicated by Rane 
and Wyman (7) and Pappenheimer.® A slightly positive precipitin 
reaction was obtained over a wide range of protein concentrations, 
but no definite flocculation point was found. This finding agrees 
with the work of Bunney and Koerber (8). 

Chemical analyses were made both on samples of erythrogenic 
toxin which had been separated from Toxin CI by precipitation 
with trichloroacetic acid and on the electrophoretically purified 
toxin;® the results are listed in Table IV. 

In general the analyses on the trichloroacetic acid-precipitated 
toxin agree with those on the electrophoretically purified toxin. 
The chief inconsistency is the positive phosphorus value for the 
former, possibly the result of precipitation of the nucleoprotein- 
like substance (Constituent III) with the toxin. 

Sample 4 of electrophoretically purified scarlet fever toxin was 
estimated refractometrically to contain 10 mg. per ml.; by turbidi- 
metric analysis the concentration was found to be 9 mg. per ml. 


‘ Tannic acid has been used by Veldee (6) as a precipitant for the purifica- 
tion and concentration of the erythrogenic toxin. 

5 Pappenheimer, A. M., Jr., personal communication. 

* Before the electrophoretically purified toxin was received from The 
Biochemical Research Foundation, one of the authors (A. H. 8.) was called 
into active service in the United States Army Medical Corps. The tests 
on this toxin were performed by Dr. Marie Andersch of the Children’s Hos- 
pital, Pittsburgh. 
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Skin tests on human beings indicated an activity of between 100 
and 150 million skin test doses per mg. 3 months later another 
sample (No. 2), which had been used for the determination of the 
ultraviolet absorption spectrum, gave an erythrogenic titer of 50 
million skin test doses per mg. Both values are lower than the 
activity of 200 million skin test doses per mg. of heat-coagulable 
protein which was found in the unfractionated preparations, 


TaBLe IV 
Analysis of Scarlet Fever Toxin 


Electrophoretically purified Toxin precipitated by 





toxin, Sample 4 trichloroacetic acid 

Skin test doses per mg., 

millions 100-150 200 
Total nitrogen, %... 15.2* 15.1° 
Phosphorus, %.... Negativet 0.005 
Sulfur, % 0.71t 
Amino nitrogen, ninhydrin 

reaction Positive 
Total carbohydrate, Bial’s 

orcinol | Negative 
Carbohydrate, Molisch test Faintly positive Faintly positive 
Hexosamine Negative§$ 
Mucie acid 5 
Biuret test Positive (lavender) Positive 
Tryptophane, Hopkins-Cole 

test Very faintly positive 
Tyrosine, tryptophane Positive 


* Micro-Dumas (Preg]). 

+ Method of Berenblum and Chain (9). 

t Analysis by a micromethod adapted by Dr. Kirner and Dr. Smith of 
the Carnegie Institute of Technology, Pittsburgh, Pennsylvania (10). 

§ Small sample, no hydrolysis. 


Some loss of activity may have been caused by the manipulations 
performed on the toxin during the course of the investigation, 
particularly the short exposure (4 minutes) of Sample 2 to ultra- 
violet light. With this exception, however, all procedures were 
sufficiently mild to preclude denaturation unless the substance was 
inherently unstable. It is generally recognized that the more 
highly an enzyme or a toxin is purified, the more unstable it isapt 
to be. The sensitivity of the electrophoretically purified scarlet 
fever toxin to surface denaturation has already been mentioned. 
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Purified diphtheria toxin showed similar behavior (11); dilute 
unbuffered solutions were partially inactivated by shaking, and 
even in a properly buffered diluent the purest fractions were found 
to have lost as much as 25 per cent of their activity. 

The non-coagulable portion of Toxin CI gave a nitrogen value 
of 13.5 per cent, a weakly positive biuret reaction, and a slightly 
positive Molisch reaction. A sample of electrophoretically sepa- 
rated Constituent I containing about 0.5 mg. per ml.’ formed no 
precipitate with either sulfosalicylic acid or trichloroacetic acid 
and gave negative biuret and xanthoproteic reactions; after con- 
centration of the solution by evaporation the biuret reaction was 
still negative, but the xanthoproteic reaction was faintly positive. 
Addition of Nessler’s reagent after digestion with sulfuric acid 
indicated a fairly high nitrogen content. The solution gave a 
negative phloroglucinol reaction and an inconclusive phenyl- 
hydrazine reaction, but immediately reduced copper sulfate and 
potassium permanganate. From these tests, together with the 
failure to coagulate on heating, it appears that Constituent I may 
be a polysaccharide. 

Electrophoretic Mobility and Homogeneity—At pH 7 the electro- 
phoretically purified toxin had a mobility of —1.93 xX 10-. It 
appeared to be substantially homogeneous with respect to charge. 
The boundary spreading (per cm. of migration) was about the 
same as that of a sample of serum albumin of similar concentration 
which had been isolated from horse serum by means of electro- 
phoresis. However, part of the original sharpness of the serum 
albumin boundaries could be regained by reversing the current, 
an indication that part of the spreading was due to the progressive 
separation of constituents which differed very slightly in their 
rates of migration (12-14). It is possible, therefore, that the 
electrophoretically purified scarlet fever toxin (Constituent IV) 
may not be completely homogeneous with respect to electrical 
migration, and may consist of two or more constituents which 
differ only very slightly in mobility. 

Ultraviolet Absorption Spectrum*—The ultraviolet absorption 


7 The chemical tests on the sample of Constituent I were made by Dr. 
Alfred Bloch of the Microchemical Department of The Biochemical Re- 
search Foundation. 

* The ultraviolet absorption spectrum was determined by Miss Rachel 
Franklin of The Biochemical Research Foundation. 
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spectrum of the electrophoretically purified scarlet fever toxin, 
completely free from pigment, is shown in Fig. 3; the solution 
contained approximately 3.5 mg. of toxin per ml. The determina- 
tion was made with a Hilger type E-4 quartz spectrograph and 
a hydrogen arc, with Hilger echelon cells (15-17). The spectrum 
contains the characteristic protein absorption band in the near 
ultraviolet, which demonstrates the presence in the molecule of 
one or more of the aromatic amino acids, tyrosine, tryptophane, 
phenylalanine, and histidine. The presence of tyrosine and 
tryptophane was corroborated by chemical tests (see Table IV). 
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Fic. 3. Ultraviolet absorption spectrum of electrophoretically purified 
scarlet fever toxin. 


Ultracentrifugal Behavior of the Toxin® Sedimentation measure- 
ments were made on a solution containing 10 mg. of the toxin per 
ml. of solution with a Svedberg oil turbine ultracentrifuge ((18) 
pp. 100, 187) at a cell temperature of 27.0° + 0.3° and a constant 
speed of 57,500 r.p.m. (corresponding to a centrifugal force of 
240,000 X gravity at the center of the cell). A scale projection 
apparatus was employed in using the Lamm refractive index 
method ((18) pp. 253, 287) to follow boundary movement during 
centrifuging. One sedimentation curve is shown in Fig. 4. 

*The authors are greatly indebted to E. 1. du Pont de Nemours and 
Company, Inc., for permission to use the oil turbine ultracentrifuge. 
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From the boundary movement recorded by the curves the sedi- 
mentation constant of the toxin, corrected to a basis of sedimenta- 
tion in water at 20°, was calculated to be 8.9 = 2.7, X 107% em. 
per second per dyne according to the usual equation ((18) Equa- 
tion 63).!° For this calculation the partial specific volume of the 
toxin at 20° was assumed equal to that of diphtheria toxin (V2 = 
(0.736) (19), since insufficient electrophoretically purified scarlet 














Ax 
x 
a2P 
x 
oP 
° A — * 
6.0 6.2 6.4 6.6 68 


Fic. 4. Sedimentation diagram and theoretical diffusion curve after cen- 
trifuging for 141 minutes. O, sedimentation curve; X, calculated diffusion 
curve. Abscissa, distance from center of rotation in cm.; ordinate, scale 
line displacement in mm. 


fever toxin was available for a direct determination of the partial 
specific volume to be made. 

The diffusion constant of the toxin was calculated by two meth- 
ods, first with the half widths (u) of the sedimentation curves at 
the inflection points and the equation Di = u2F?/2 ((18) p. 298, 
Method III; (20) Equation 40) and secondly with the half widths 
(v3) of the intercepts made on the z axis by the tangents through 
the inflection points of the curves and the equation Dt = xjF?/8 
((20) Equation 43). The values of u2F?/2 and of 2xjF?/8 thus 


‘° For the meanings of the symbols in this and subsequent equations 
see Svedberg and Pedersen ((18) p. 273 and other corresponding pages cited). 
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obtained were plotted separately against time of centrifuging 
(time from the application of the final driving pressure), and the 
corresponding diffusion constants obtained by determining the 
slope of the lines through the plotted points (see Fig. 5). 

The average of the two values of D thus obtained (7.e. (10.81 + 
10.78)/2 = 10.8) was corrected to 20° and to the viscosity of water 
((18) Equation 176), giving Dy. = 9.46 X 10-7 cm.’ per second. 
While this value of Dso is not so precise as one obtained by the 
normal method of measuring diffusion constants, namely by a 


10.0 
Sa 
? 9.0 
100+ 8.0 
90 i 
° 
80F i“ 
70? 4 +50 
60 Fi . Lao 
50 73.0 
40F - ra +2.0 
” ri 
30 vA he 
4 
20} / +? 
| 
1io¢ > 








°o 


I 2 3 a 5 6 ? 8 


Fig. 5. Relationship between diffusion and time. X, values of u?F?/2 
(left ordinate); O, values of z4F?/8 (right ordinate). The abscissa measures 
the time from the “‘start’’ in seconds X 10°°. 


separate experiment in a vibration-free diffusion cell with thermo- 
stat control, it is adequate for the estimation of homogeneity. 
Insufficient toxin solution was available for a determination of the 
diffusion constant with a diffusion cell. 

Employing this value for the diffusion constant together with 
the value of soo, calculations for the molecular weight, 7, and the 
frictional ratio, f/fo, for the toxin ((18) Equations 67 and 70b 
respectively) were made. The results obtained were M = 26,700 
and f/ o= 1.1. 

The principal uncertainty in the molecular weight value is due 
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to the uncertainty in V. In all probability, V does not exceed 
0.75, the value for most proteins, nor is it likely to be less than 
0.70 ((18) Table 48). V = 0.75 leads to a molecular weight of 
28,000, V = 0.70 to a molecular weight of 23,500. 

On the other hand the molecular weight of a scarlet fever toxin, 
prepared according to the method of Dick and Boor (21), was 
estimated by Barron, Dick, and Lyman (22) by means of ultra- 
filtration experiments to be less than that of cytochrome c (13,000) 
and perhaps more than that of clupein (2000 to 4000). 

The homogeneity of the toxin preparation was tested by deter- 
mining the theoretical diffusion curve ((18) Equation 188) for 141 
minutes and superimposing it on the sedimentation diagram ob- 
tained after 141 minutes of centrifuging (see Fig. 4). For the 
calculation the area in sq. em., defined by the sedimentation curve 
and the base-line, was obtained by direct measurement from the 
graph (Fig. 4), and the value of Doo used was the average value 
(obtained as described previously), not the value referring only 
to the 141 minute sedimentation curve. 

The good fit of the calculated diffusion curve and the 141 minute 
sedimentation curve over the entire range except at the top indi- 
cates a high degree of homogeneity for the toxin, since the agree- 
ment of the two curves shows the spreading of the sedimentation 
curves to be due to diffusion only and not to inhomogeneity of 
the toxin preparation. The theoretical curve is higher than the 
observed curve, but this is not a reflection of inhomogeneity, since 
inhomogeneity would lead to a theoretical curve (of equal area) 
lower than the obtained curve. The discrepancy at the peak of 
the two curves is probably due to the fact that the theoretical 
curve is calculated from the over-all diffusion constant instead of 
the specific value for this sedimentation curve. In addition, the 
actual time of diffusion is somewhat greater than the 141 minutes 
(from the time of application of the final driving pressure) used in 
calculating the theoretical curve, since some sedimentation and, 
therefore, also diffusion, occurs while the rotor is being brought 
up to high speed. Though these factors cause some discrepancy 
between the heights of the two curves, the average value of the 
diffusion constant as calculated is not affected by this uncertainty, 
since it has been calculated only from observations made when 
the rotor was travelling at top speed. 
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For purposes of comparison with other toxins the values of the 
constants of the electrophoretically purified scarlet fever toxin are 
listed in Table V. It will be seen that the molecular weight, 

7,000, of the scarlet fever toxin is of the same order as that of 
crotoxin. Further, the frictional ratio of the toxin is practically 
identical with that for many proteins, and its value of 1.1 shows it 
to be essentially spherical and probably somewhat hydrated in 
solution. 


TABLE V 


Molecular Constants of Some Toxic Proteins 


Serie fee | Dike (Reman tebed*|  Coonmt 
Sedimentation 
constant 2.7 X 10°" | 4.6 KX 10°" | 3.3 K 10°" 3.13 XK 10° 
Diffusion constant 9.5 X 10°77 6.0 10°77 8.2 10°? 8.59 X* 1077 
Mol. wt. 27 ,000 74,000 32,000 30,000 
Frictional ratio R.3 1.22 1.2 
Specific volume 0.736t 0.736 0.7 0.704 


* References; diphtheria toxin (19), human tubercle bacillus protein (23), 
crotoxin (24). 
+t Assumed. 


DISCUSSION 


Of the electrophoretically distinct constituents present in the 
chemically isolated scarlet fever toxin (Toxin CI), only the 
slowest migrating (Constituent IV) possessed toxic activity. Its 
high degree of homogeneity with respect to both charge and 
molecular weight, and in particular its high toxic activity, are 
fairly strong indications that it actually is identical with scarlet 
fever (erythrogenic) toxin. 

The electrophoretically purified scarlet fever toxin displayed 
somewhat reduced activity per mg. This may be ascribed to 
spontaneous inactivation following removal of stabilizing im- 
purities. The diminished activity suggests that some inactive 
toxin may have been present in the solutions used for the final 
electrophoresis experiment and for the determination of the 
sedimentation velocity in the ultracentrifuge. The electrophoresis 
and sedimentation diagrams, however, gave no evidence of hetero- 
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geneity, and it seems safe to conclude that spontaneous inactiva- 
tion does not appreciably change either the mobility or the molec- 
ular weight of the scarlet fever toxin. 

Diphtheria toxin resembles scarlet fever toxin with respect to 
instability and inactivation. Highly purified diphtheria toxin 
has also been found to possess diminished activity; like electro- 
phoretically purified scarlet fever toxin, it is sensitive to surface 
denaturation; and it appears to be homogeneous with respect to 
both sedimentation and electrophoresis in spite of partial loss of 
activity (25). 


SUMMARY 


Chemically isolated scarlet fever (erythrogenic) toxin was 
analyzed by electrophoresis in the Tiselius apparatus and was 
found to contain five electrophoretically distinct constituents. 
The slowest migrating constituent was identified as the erythro- 
genic toxic constituent, and was isolated by electrophoresis. 

The electrophoretically separated scarlet fever toxin was shown 
by chemical tests, by its property of heat coagulability, and by its 
ultraviolet absorption spectrum to be a protein. The electro- 
phoretic mobility was found to be —1.93 X 10- em.? volt sec. 
at pH 7 in the buffer used, the sedimentation constant 2.7 K 10-" 
em. sec.-' dyne~', the diffusion constant 9.5 & 107-7 cm.? sec.~, 
the molecular weight 27,000, and the frictional ratio 1.1. The 
high toxic activity of the electrophoretically separated toxin 
(100 to 150 million skin test doses per mg.) and its substantial 
homogeneity with respect to both electrophoresis and sedimenta- 
tion are evidence that this material is probably pure scarlet fever 
(erythrogenic) toxin. 
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A few years ago, Palmer (1) isolated a crystalline globulin from 
the albumin fraction of cow’s milk. This protein has been vari- 
ously designated in the literature. We are now suggesting that it 
be named £-lactoglobulin. The Greek prefix derives from a 
publication of Pedersen (2) who distinguished three major com- 
ponents of skim milk on the basis of ultracentrifugal studies. One 
of these, which he called the 8 component, was shown to have the 
same sedimentation constant as the crystalline preparation of 
Palmer. The name, §-lactoglobulin, serves to relate the purified 
protein to a definite component of milk serum, to emphasize its 
globulin character, and to distinguish it from the classical globulin 
fraction of milk. 

On the basis of ultracentrifugal and electrophoretic studies, 
Pedersen (3) concluded that 8-lactoglobulin behaves in solution, 
between pH 1 and 9, as “‘a monodisperse protein with a molecular 
weight of 39,000 and an isoelectric point of 5.19 (acetate buffers).”’ 
Recently the dielectric constants of solutions of 8-lactoglobulin 
have been measured (4). The results indicate that the electric 
moment of the molecule is unusually large. This conclusion in- 
vests with a particular interest the problem of the number, nature, 
and distribution of the ionizing groups. 

In the present paper we are reporting the results of a series of 
studies of the hydrogen ion dissociation curve of 8-lactoglobulin. 
The variables whose effects upon the curve have been examined 
are the concentration of protein, the concentration of KCl, the 
temperature, and the addition of formaldehyde. From the results 
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obtained an estimate has been made of the number and nature of 
the ionizing groups which contribute to the curve. This estimate 
is compared with the results of preliminary analyses of the number 
of acidic and basic amino acids present in the hydrolysis products 
of 8-lactoglobulin. The paper concludes with a_ theoretical 
analysis of the shape of the dissociation curve in terms of an 
electrostatic model first outlined by Linderstrém-Lang (5) and a 
consideration of the relation of the net charge to the electrophoretic 
mobility. 


Methods 


The protein was prepared by the method of Palmer and crystal- 
lized three or more times. Stock solutions were made by dissolving 
the crystals in water with the aid of a minimum amount of standard 
NaOH. The dry weight, ash, and nitrogen of these solutions were 
determined. The pH was always close to6.0. Reaction mixtures 
were then prepared by the addition of measured volumes of 
standard KC] and of standard HCl or NaOH toa measured volume 
of stock solution, followed by dilution to a predetermined concen- 
tration of protein and of electrolyte. To compensate for the 
variable additions of acid and base, the amounts of KCI] added 
were so adjusted that the [KCl] + [HCl] or [KCI] + [NaOH] of 
any one curve remained constant. This method was adopted as 
the simplest experimental approximation to a series of mixtures 
of constant ionic strength. 

In the work on the effect of [KCI], the hydrogen electrode poten- 
tial of each reaction mixture was determined in a Clark rocking 
electrode at 25°, equipped with a saturated calomel half-cell and 
a saturated KCl bridge. The reference electrode was calibrated 
with 0.01 m HC! in 0.09 m KCl, to which solution we assigned a 
pH of 2.10 and a potential at the junction with saturated KCI of 
— 2.2 millivolts (6). The liquid junction potentials of the reaction 
mixtures were calculated from Henderson’s equation (Table I), 
the value adopted for the transference number of K* in KCl 
being 0.490 (7). 

The effects of [formaldehyde] were studied both with the hydro- 
gen electrode and with a glass electrode-vacuum tube assembly. 
The glass electrode behaves more consistently in the presence of 


























Cannan, Palmer, and Kibrick 805 


formaldehyde than does the hydrogen electrode. The observa- 
tions on the effects of temperature and of [protein] were made with 
the glass electrode only. It was calibrated at each temperature in 
the manner described by Wyman (8). 

The curves which will be discussed represent the relation between 
pH and a quantity designated as h. The latter is defined as the 
number of hydrogen ions combined with (+) or dissociated from 
(—) 1 mole of isoionic protein. We have adopted a value of 
40,000 (3) for the molecular weight of 8-lactoglobulin. Assuming, 
now, that combination of the protein with ions other than H* and 


TABLE | 

_ Calculated liquid ‘ied Kw 
(KCl) junction potential Log 1H* —Log 71OH- 

M mv. 
3.1 —0.3 —0.06 13.87 
0.670 —0.9 +0.115 13.84 
0.270 —1.4 0.125 13.85 
0.135 —-1.8 0.113 13.87 
0.069 —2.1 0.095 13.90 
0.035 —2.5 0.083 13.92 
0.019 —2.9 0.072 13.94 
0.010 —3.2 0.060 13.96 


OH- is relatively insignificant, h is equal to the net charge and 
is given by 

M9 _ (C1) + (OH) - [K+] — [Na*] - [4] a) 

40,000 : 

where each term on the right-hand side is a molal concentration 
and g is the weight in gm. of dry ash-free protein in 1000 gm. of 
water. We have calculated [H*] and [OH~] from the assumptions 
that 


YOH- 
pH = —log[H*]ya+ = log [OH-] ‘ 





w 


The values assigned to the two activity coefficients involved are 
givenin TableI. They were calculated from our own observations 
of the pH of solutions of HCl] or of NaOH (0.001 to 0.01 M) having 








806 Dissociation Curve of 8-Lactoglobulin 


the same concentrations of KCl as the various protein reaction 
mixtures. The known compositions of the latter fix the remaining 
quantities in Equation 1 and permit the calculation of h. 

Reversibility—The question of the extent to which the curves 
represent reversible equilibria is important. We have used two 
criteria: (a) the stability of the pH of a reaction mixture for several 
hours, and (b) the precision with which a reaction mixture returned 
to the isoelectric point when the HCl or NaOH originally added 
was quantitatively neutralized. Applying these tests to a repre- 
sentative range of mixtures, we have satisfied ourselves that the 
reaction with H* is reversible between pH 2 and 10 in the absence 
of formaldehyde. In the neighborhood of pH 11 there are indica- 
tions of irreversible reactions which become very rapid at greater 
alkalinity. At pH 12, 8-lactoglobulin is converted, in less than 5 
minutes, to a product insoluble in dilute salt solutions in the 
isoelectric region. The dissociation curve of this ‘“‘metaprotein” 
differs significantly from that of the unaltered protein. It is in- 
teresting to note that Pedersen infers from the behavior of 8-lacto- 
globulin in the ultracentrifuge that the protein suffers an irreversi- 
ble breakdown above pH 11. 


Dissociation Curves 


Isoionic Point—All preparations of the protein which we have 
tested have given a pH of 5.18 to 5.20 when dissolved in dilute 
NaCl or KCl, irrespective of the concentration of protein. More- 
over the addition of KC] up to 2 m did not significantly change this 
pH. If we are justified in identifying as the isoionic point that 
point on the dissociation curve which is independent of u, we may 
conclude that the protein crystals are in the isoionic condition. 
This is, perhaps, to be expected from the method of preparation. 
It is interesting to observe that 8-lactoglobulin exhibits an isoionie 
point which is identical with the electrophoretic isoelectric point 
in 0.02 m acetate. It would seem probable that the isoelectric 
point of 6-lactoglobulin, unlike that of some proteins, will be found 
to be substantially independent of ionic strength. 

Effect of |KCl|—Some forty or more independent reaction mix- 
tures have been measured at each experimental ionic strength. 
In the majority of these the [protein] was close to 0.5 per cent. 
For the sake of greater precision in the calculation of h at the ex- 
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tremities of the curves the [protein] was raised to 1, 2, or 4 per cent 
at the lower and higher limits of pH. The observations have 
accumulated over a period of years and relate to three different 
preparations of protein and to two different electrode assemblies. 


TABLE II 
Effect of Ionic Strength (KCl) on Dissociation of B-Lactoglobulin 
0.010 » | 0.0194 | 0.0354 | 0.069 u | 0.1354 | 0.270u | 0.67 u | 2.1 y 

















h See ee aes ' | 
pH 
45 | | 1.90 | 2.02 
44 CO | | | 2.13 | 2.30 | 2.42 
42 i 2.10 | 2.25 | 2.45| 2.70 | 2.95 
40 2.12' 2.35 | 2.53 | 2.70) 2.95 | 3.16 
35 2.36 2.62, 2.82 | 2.96 | 3.14| 3.35 | 3.52 
30 2.65 2.83 3.00) 3.19 3.32 | 3.45| 3.67 | 3.80 
25 3.08 3.23 3.36 | 3.53 | 3.64 | 3.74| 3.92 | 4.08 
20 3.46 3.60| 3.72) 3.84 | 3.93 | 4.02| 4.16 | 4.25 
15 3.86 3.96) 4.06, 4.15 4.22 | 4.30) 4.40 | 4.47 
10 4.28 4.35 4.42) 4.48 4.52 | 4.57| 4.64 | 4.69 
5 4.73 4.75 4.78) 4.82 | 4.85 | 4.87] 4.89 | 4.92 
0 5.18 5.18) 5.18| 5.18 5.18 | 5.18| 5.18 | 5.18 
-5 5.75 5.72) 5.69) 5.64 | 5.63 | 5.60| 5.54| 5.51 
—10 6.55 6.50 6.45 | 6.38 6.35 | 6.30! 6.25 | 6.20 
-15 7.55! 7.45 7.35! 7.28 | 7.23 | 7.16| 7.10| 7.00 
—20 8.80 8.65 8.55 8.45 | 8.40 | 8.35 | 8.30 
—25 9.72 9.60 9.48 | 9.40) 9.40! 9.50 
—30 10.20 10.10 10.05 | 10.02 9.90 |10.0 
—35 10.60 10.47 10.35 | 10.30 10.30 | 
—40 10.83 10.70 | 10.60 | 10.55 | 10.50 | 
—45 11.05 | 10.93 10.80 | 10.75 | 10.75 | 
| Values of w 
Theory...... 0.064 0.055 0.047! 0.0395 0.0315! 0.026! 0.020! 0.015 





Observed... 0.061 0.052 0.046 0.038 0.032 0.027) 0.020 0.015 


The results are summarized in Table II. The values of h recorded 

were obtained by graphic interpolation in smooth curves drawn 
through the experimental points. The great majority of the 
observations falls within 0.2 equivalent of their curve as defined 
by Table II. No reproducible observation within the range of 
pH 2.5 to 10 falls more than 0.5 equivalent from the curve. 
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Effect of [Protein|—Dissociation curves (pH 2.5 to 7) for four 
concentrations of protein (0.44, 0.88, 1.77, and 3.54 gm. per 100 
ml.) were first determined in the presence of 0.27 m KCl. The 
four curves were indistinguishable from one another and from the 
curve for 0.27 uw in Table II. At this [KCl] the contribution of 
protein to the ionic strength is, presumably, negligible at any pH. 
Consequently, the identity of the curves is to be expected if the 
only anticipated effect of varying the concentration of protein is 
a change in the ionic strength of its ions. In the case of 8-lacto- 
globulin, however, another influence must be considered. The 
dielectric constant increment of this protein is reported (4) to be 
about 1.4 per gm. per kilo of water. This corresponds to dielectric 
constants of 85, 91, 104, and 128 for the four solutions which we 
titrated. It would be surprising if such large changes in dielectric 
constant were not reflected in pronounced displacements of the 
dissociation curves. We, therefore, conclude that the dielectric 
constants which have been measured are not those which determine 
the magnitude of the electrostatic forces involved in the dissocia- 
tion of the protein. 

Experiments were then conducted in the absence of KCI with 
concentrations of protein varying from 0.44 to 4.91 gm. per 100 ml. 
In these, definite, though small, effects of [protein] were evident. 
Data for four curves are presented in Table III which was compiled 
in the same manner as was Table II. The general effect of in- 
creasing [protein] in the absence of KC] is to displace the curve in 
the same direction as does an increase of [KCl] in the presence of 
a constant, but low, concentration of protein. 

Effect of Temperature—Curves (pH 4 to 9) in 0.27 mw KCI have 
been determined at 7°, 27°, and 43°. Wyman (8) has made the 
assumption that the apparent heats of dissociation (Q’) of the 
protein at chosen values of h may be calculated from the approxi- 


mation 
TT: 


‘= —4.79 
Q T,-—T 


- (pH, — pH,) 
1 


where pH, and pH, represent the observed values of pH cor- 
responding to a particular value of h at the two temperatures, 7; 
and T;. We have applied this equation to our observations. The 
results of three experiments are shown in Fig. 1. 
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Effect of Formaldehyde—Upon addition of formaldehyde to a 
solution of the protein which is alkaline to the isoelectric point, 
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20 
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—5 
—10 


8.8 


2.45 
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TaBLe III 
Effect of Protein Concentration 
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Fic. 1. Relation of the apparent heat of dissociation (Q’) to the net 


charge (h). 


uw = 0.27, T, = 7°, T2 = 27°. 


there is an abrupt fall in pH to a relatively stable value. In 
restricted regions of pH, however, this large initial change is fol- 
lowed by a small protracted fall in pH which may continue for 
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many hours. We assume that it is the initial liberation of H+ 
which corresponds with the reversible reaction of amino groups. 
The observations upon which our curves have been based were 
those recorded within 5 to 20 minutes of the addition of formalde- 
hyde. The results are shown in Fig. 2. The calculations were 
made after the manner of Kekwick and Cannan (9). 














Lo 


A i. 4 4 





Fic. 2. Dissociation curves in solutions of formaldehyde. Curve 1, 
without formaldehyde; Curve 2, 0.13 m formaldehyde; Curve 3, 0.33 m 
formaldehyde; Curve 4, 1.00 m formaldehyde; Curve 5, 3.00 m formaldehyde. 


Analytical 


No amino acid analyses of 8-lactoglobulin have yet been pub- 
lished. The determinations of chief interest in the present con- 
nection are those of the basic and of the dicarboxylic acids together 
with those of the amide and of the free amino groups. 

Amino Groups—We have made determinations of the amino 
groups which react with nitrous acid under the conditions of Van 
Slyke’s manometric method. With the object of disclosing sec- 
ondary reactions, the time of reaction was varied from 5 to 90 
minutes, with the results shown in Table [V. The primary reac- 
tion seems to be substantially complete in 30 minutes and corre- 
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sponds with the presence of 35 groups. Miller (10), using a reac- 
tion time of 30 minutes, reports 34 groups on the basis of a 
molecular weight of 39,000. 

Basic Amino Acids—A series of determinations has been made 
by a modification of the methods of Block (11) and Tristam (12) 
in which lysine was isolated as the picrate, arginine as the flavian- 
ate, and histidine as the nitranilate. The amounts of protein 
used for each analysis were 3 to 5 gm. The mean results corre- 
spond with the isolation of 6 moles of histidine, 6.4 of arginine, and 
29.1 of lysine per 40,000 gm. Dr. H. B. Vickery has kindly made 
for us two determinations of arginine by his latest method (13). 
His results correspond with 6.1 moles of arginine. We tentatively 











TABLE IV 
Amino Groups of 8-Lactoglobulin; Van Slyke Manometric Method; 22-23° 
NH: 
Reaction time cia eel — -_ 
X 108 per gm | Per 40,000 gm 
min equivalent | equivalents 
5 0.637 | 25.5 
15 0.838 33.5 
30 0.880 35.2 
60 0.896 35.8 
90 0.902 | 36.1 


The observations are the mean of three concordant determinations. 


conclude that 8-lactoglobulin contains 6 arginine, 6 histidine, and 
29 lysine residues. 

Dicarboxylic Acids—We have not had an opportunity to attempt 
a quantitative isolation of glutamic and aspartic acids. By an 
indirect method, details of which will be published elsewhere, we 
have, however, sought to obtain an approximate value for the total 
dicarboxylic acids. The method depends upon a differential 
electrometric titration of the barium salts precipitated from the 
protein hydrolysate by alcohol. The results are consistent with 
the presence of 75 to 80 moles of dicarboxylic acids. 

Amide Groups—The amount of ammonia formed during the acid 
hydrolysis of 8-lactoglobulin depends upon the conditions of 
hydrolysis. Two stages in the reaction may be distinguished. 
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There is an early rapid evolution of ammonia followed by a further 
slow, sustained production. The latter follows a roughly linear 
course for long periods. We assume that it is the first stage, which 
corresponds with the hydrolysis of amides. A linear extrapolation 
to zero time of the secondary phase of the reaction in m HC! at 
100° gave 30.3 amide groups. This result was confirmed by an 
experiment in which 0.25 m HCl at 85° was used. Under these 
conditions the rate of the secondary reaction was negligible and 
the reaction curve gave a satisfactory first order constant of 0.098 
(common logarithms, hours) for a = 30. 


TABLE V 
Mazimum Acid-Binding Capacity 
h = equivalents per 40,000 gm. 


[KCl] 0.67 m {[KC]) 0.27 u 
[Protein] 3.3 per cent {Protein} 7 per cent 
pH h pH h 
2.13 44.5 2.11 44.0 
1.95 45.0 1.97 44.8 
1.82 45.4 1.82 45.5 
1.73 45.5 1.68 46.0 
1.66 45.8 1.54 45. 
1.55 45.6 1.47 46.1 


DISCUSSION 

Stoichiometry—At low pH the various KCl curves approach a 
common maximum value of h. In order to determine this maxi- 
mum with precision we have made a series of observations below 
pH 2 on solutions containing high concentrations of both protein 
and KCl. The results of two experiments are given in Table V. 
A survey of all the experiments leads to the choice of 46 as the most 
probable value for the maximum cation charge. 

At high pH the curves suggest an approach to a maximum anion 
charge. It is not, however, possible to establish the value of this 
maximum, as it is not yet fully attained at the extreme alkalinities 
at which accurate values of h may be calculated. A _ plausible 
extrapolation would suggest a maximum base-binding capacity of 
60 to 65. The significance of even so broad an approximation is, 
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however, uncertain in view of the participation of irreversible re- 
actions above pH 11. The estimates of acid- and base-binding 
capacities arrived at above materially exceed those reported from 
the Carlsberg laboratory (14). The latter were based upon 
colorimetric titrations, the significance of which, when applied to 
proteins, is uncertain. 

A number of proteins, e.g. egg albumin, exhibit a well defined 
stoichiometric point in the region of pH 8.5. In the curves of 
8-lactoglobulin this is not so well defined, but a careful inspection 
of the curves indicates a transition point ath = —18 to —19. 
This value of h should correspond with the total COOH groups less 
the sum of the amino and guanidino cations. 

In the presence of formaldehyde a much more clearly defined 
anion charge of 52 to 53 is attained at the same pH level. Each 
curve attains this maximum at a pH dependent on the [CH,O] to 
which it corresponds, but maintains it for about a full pH unit 
before reaching a pH beyond which accurate computations of A can 
no longer be made. Combining the four curves, we thus have a 
constant anion charge in formaldehyde solution over the pH range 
of 8.5 to 10.5. It follows that practically no groups, other than 
amino groups, contribute to the curve in this region. Since the 
basicity of the guanidino group is not notably weakened by 
formaldehyde, the anion charge of 52 to 53 should equal the total 
carboxyls less the guanidino cations. 

Wyman (8) has shown how temperature effects may be exploited 
to arrive at an estimate of the magnitude of the contribution of 
imidazole groups to a dissociation curve. He assumes that below 
pH 9.5 only COOH, imidazole, and amino groups are involved and 
suggests that the heats of ionization of these would be about 
+1000, +6000, and +10,000 calories respectively. In Fig. 1 
we see that Q’ is small for values of h positive to —12 and then 
increases sharply as h becomes more negative to reach a plateau of 
about 10,000 for values of h negative to —18. This would suggest 
the presence of not more than 6 imidazole groups. 

Summarizing the evidence from titration data only, we have the 
following: (a) total cations = 46, (6) COOH — guanidino = 52 to 
53, (c) COOH — guanidino — amino = 18 to 19, (d) imidazole 
= 6, (e) amino = (b) — (c) = 34 (33 to 35), (f) guanidino = (a) 
— (d) — (e) = 6 (5 to7), (g) carboxyl = (b) + (f) = 58 (57 to 60). 
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It will be seen that the number of guanidino and imidazole 
groups agrees with the content of arginine and of histidine respec- 
tively. The carboxyl content, however, exceeds by about 10 the 
difference between the total number of dicarboxylic acids and the 
number of amide groups. The number of amino groups disclosed 
by formaldehyde titration is in agreement with those found to 
react with nitrous acid. It exceeds by 5, however, the amount of 
lysine which we have succeeded in recovering as the picrate. This 
echoes a situation observed in the case of egg albumin (9) and quite 
recently in cytochrome c by Theorell and Akesson (15). 

In the theoretical treatment which follows we will assume that 
a molecule (40,000 gm.) of 8-lactoglobulin contains 58 carboxyl 
groups, 6 guanidino, 6 imidazole, and 34 amino groups, making a 
total of 46 cations. We make no assumption respecting the pres- 
ence of phenolic groups. These would not be expected to disso- 
ciate below pH 10 and, therefore, should contribute neither to the 
curve nor to the net charge below this point. Our analysis of the 
curves has not been extended beyond pH 10. If we accept as 
significant the estimated maximum base-binding power of 60 to 65 
at or beyond pH 12, then the curve could accommodate 2 to 7 
phenolic groups between pH 10 and 12. 

Theoretical Dissociation Curves—It is convenient to consider 
separately the theoretical contributions to the curve of the car- 
boxyl, imidazole, and amino groups. Inasmuch as the guanidino 
groups are assumed to be strong bases, their only effect on the 
curve over the experimental pH range will be the contribution of a 
fixed cation charge to the net charge. 

Below pH 6, a typical protein should behave as a polycarboxylic 
acid having a fixed cation charge, n, equal to the sum of the basic 
groups and a variable net charge, h, whose magnitude will depend 
on the number of protons which have dissociated from the m car- 
boxyl groups present. The successive dissociations may be defined 
by m constants, K’;, K’,, K‘,, such that 


» [Pas] 
K, = 
[Pr—241] sa 


where ay is the hydrogen ion activity and [P] the concentration of 
the protein ion whose charge is denoted by the subscript. Com- 
bining the m equations, we may derive the relation 
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n-am + (n — 1)-an-' Ky 
+ (n — 2)aRr* Ki Ka +--+ + (n—mKi Ki ++ Kn gy 

h= ap + an! Ky + an-*Ki Ky + +» + Ki K++ Kn 
The carboxyl groups of proteins are believed to be those of the side 
chains of aspartic and glutamic acids. The intrinsic dissociating 
tendency of these two types of group may be expected to differ 
from one another, although we anticipate that in a large peptide 
this difference will be small. Since we have no information as to 
the relative numbers of the two types present in a particular 
protein, we will proceed on the assumption that all of the COOH 
groups may be described by a single intrinsic dissociation con- 
stant, Ko. 

In the absence of interaction between the ampholyte ion and the 
proton or the ion atmosphere, statistical considerations lead to 
the relation 


- , m—-2z+1 
K, saad Ko ° (3) 
zr 
Under these conditions, as von Muralt (16) and others have shown, 


Equation 2 reduces to 


m — (n — h) 


(4) 


— oak n—h 
This is the equation for the dissociation of m equivalents of a 
univalent acid having a dissociation constant Ko and a cation 
charge n/m. We will call this the ideal curve of the carboxyl 
groups of the protein. Now, at constant ionic strength, this sec- 
tion of the experimental curves of a number of proteins does 
exhibit the general symmetry of the ideal curve, but covers a much 
wider span of pH. As u increases, the span contracts and ap- 
proaches but does not attain that of the ideal. Qualitatively, this 
is the situation which would be anticipated on accepted principles 
of electrostatic interaction. The spreading of the curve would 
be attributed to interaction of the protein charge with the disso- 
ciating protons and the contraction, which is observed as yu in- 
creases, to interaction of the protein ions with the ion atmosphere. 
Linderstrém-Lang (5) was the first to combine the theories of 
Bjerrum and of Debye-Hiickel in a quantitative description of the 





816 Dissociation Curve of 8-Lactoglobulin 


dissociation of a polyvalent ampholyte. His treatment has re- 
cently been discussed by Kirkwood (17) and has been applied by 
us (18) to the dissociation curve of egg albumin. When the argu- 
ment of Linderstrém-Lang is applied to the case of an ampholyte 
having the characteristics defined by Equation 2, there may be 
A derived the relation 





i 
,; — | 1 
; pK, = pK° — 0.868w(n — 2+ 0.5) — log = a. (5) 
f z 
wherein! 
a ie _ «r _ e 
K° = Ky-e**, w = of a ia ~ and b= oekT (5, a) 


In Equation 5, a, x is the familiar function of the ionic strength in 
the Debye-Hiickel theory and b is the charge interaction term of 
‘ Bjerrum, while a is the “distance of closest approach”’ of the ions 
of the atmosphere to the protein ion and r is the distance separat- 
ing the proton from the charge on the protein in the theory of 
Bjerrum. If we assume that the dielectric constant (€) of the 
protein solution is the same as that of the solvent, then, at 25°, 
: when ¢€ = 78.8,b = (3.538 & 10-5)/r. Assuming, further, that 
the protein is a spherical molecule and that the charge distribution 
is a random one, r may be identified with the radius of the protein 
molecule. Then a = r+’, where 7’ is the effective mean radius 
of the ions surrounding the protein. In solutions of KCl we may 
p assign to r’ a value of 2A. (19). The value of r, on the other hand, 
; may be expected to exceed 20 A. Inthe case of a protein, there- 
fore, the value of b should not exceed 0.17 and that of w should 
rary with » only between the extreme limits of 0.17 and 0. 

For fixed values of m, n, and Ko, any selected value of w may be 
introduced into Equation 5 to yield the m dissociation constants. 
i With the aid of these, data for the construction of a dissociation 
ij curve may be computed from Equation 2. We have examined 
i the characteristics of such theoretical curves for a representative 
range of values of w and of m. They are all symmetrical about 


'The sign of the exponent in the term e** is plus for the case of a 
carboxyl or other uncharged acid group and minus for an imidazole cat- 
ion or other positively charged acid group. In proteins the difference 
between Ko and K? is quite small. 
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their mid-point and all intersect at h = 0. The ideal curve is, of 
course, the curve for w = 0. As w assumes increasing positive 
values, m being maintained constant, the span of the curve on the 
pH scale increases. Finally the curve begins to assume an un- 
dulatory form reflecting the separate contributions of the m 
dissociations. This, however, only becomes perceptible as w rises 
above unity, a value greatly in excess of that compatible with the 
dimensions of protein molecules. Under the restrictions imposed 
by the latter, the curves are smooth and qualitatively resemble 
those experimentally derived. 

We may proceed to a detailed application of Equations 5 and 2 
to an experimental curve in the following manner. (a) The values 
of m and n are obtained from a stoichiometric analysis of the curve. 
(b) If m > n, as is the case with many proteins, the isoionic point 
(pI’) will fall within the carboxy] section of the curve. Since h = 0 
at this point on all curves, we may derive a value for Kj from the 
experimental value of pI’ with the aid of Equation.4. (c) It is 
evident, from Equation 5, that the m values of pK’, are symmet- 
rically distributed about their mean and that the mean is equal to 
PK'(msa2. It follows that the dissociation curve is also symmet- 
rical about its mid-point and that the pH of the latter (pHmia.) is 
given by 


9 
, 


P ¢ 2n 
PHmia. = pK, 4, = pK* — 0.868w- 


2 


= 


(6) 


Ky being known, w may be computed from the experimental value 
of pHmia. (d) Alternatively, we may make use of a graphic ap- 
proximation which was derived by Linderstrém-Lang. A theo- 
retical curve is approximately linear in the region of the mid-point. 
Linderstrgm-Lang has shown that this linear slope is given by 


ApH 2 
= 868 (w + ) (7) 


A value for w may thereby be obtained without knowledge of K¢. 
The latter can then be computed from Equation 6. 

We have applied this procedure to the appropriate segments of 
the experimental curves, with the results shown in Table VI. 
The linear slopes of the curves in the region of pH 4 to 5 yield a 
series of values of w which, when inserted in Equation 6, do lead to 








Se 





818 Dissociation Curve of 8-Lactoglobulin 


a consistent value for Kj. The latter, moreover, is in agreement 
with the value computed from pI’ with the aid of Equation 4. 
This agreement has significance because pI’ is located outside the 
linear segments of the curves. Finally, we have inserted the above 
values of w in Equations 5 and 2 and computed the theoretical 
values of h corresponding to a range of values of pH covering sub- 
stantially the whole course of each curve (pH 2 to 6). When these 
were compared with the corresponding values obtained by inter- 
polation in the experimental curves, the agreement was quite 
satisfactory in every case. One example of this comparison is 


TasBie VI 
Values of K, 


Imidazole groups; m = 6; 


ed 


Carboxyl groups; m = 58; n = 46 


We, ’ = gees 
0.010 0.083 0.061 3.70 4.60 7.55 6.76 
0.019 0.075 0.052 3.82 4.59 7.45 6.78 
0.035 0.070 0.046 3.92 4.60 7.35 6.75 
0.069 0.063 0.038 4.03 4.59 7.28 6.78 
0.135 0.058 0.032 4.10 4.58 7.23 6.82 
0.270 0.0535 0.027 4.19 4.59 7.16 6.82 
0.670 0.0475 0.020 4.30 4.60 7.10 6.83 
2.10 0.043 0.015 £.38 4.60 7.00 6.80 
From pl’ = 5.18 (Equation 4) 4.60 


given in Table VII. We conclude that a single value of w suffices 
to describe the whole course of the carboxyl contribution to the 
curve at constant ionic strength. 

In the case of egg albumin, the values of w derived from the 
carboxyl segments were successfully applied to the sections of the 
curves dominated by the imidazole and the amino groups respec- 
tively. In the present case, we also obtain a consistent value for 


K; (imidazole) from Equation 6, using the values of w derived from 
the carboxyl sections (Table VI). On the other hand, the mid- 
points and slopes of the amino segments correspond with much 
smaller values of w. For this anomaly we have no explanation 
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except to note that Pedersen has reported an abrupt change in 
sedimentation constant of 6-lactoglobulin above pH 9. 

We have still to compare the values of w derived from the ex- 
perimental curves with those which may be calculated from Equa- 
tion 5, a. The diffusion constant (D) of 8-lactoglobulin may be 
used to compute a value for r on the assumption that r = kT/ 
6xnD. Pedersen (3) reports three determinations by Polson of 
Dz in the isolectric region. The mean is 7.26 X 10-7 after correc- 
tion to the basis of diffusion in pure water. This corresponds with 
r = 29.1 A. The value of a is, therefore, 31.1 A. The values 


TaBLeE VII 
Theoretical Curve for w = 0.038 (u = 0.069) (Equations 5 and 2) 


pK, = 4.60; m = 58; n = 46. 


pH micantbliadas 
Theory Observed 
1.5 44.7 
2.0 42.6 42.4 
2.5 38.6 38.4 
3.0 32.7 32.5 
3.5 25.4 25.5 
4.0 17.6 17.5 
4.5 9.7 9.6 
5.0 2.3 2.3 
5.5 —3.8 —3.5 
6.0 —8.] —7.8 
6.5 —10.5 —10.8 


of w computed from Equation 5, a on this basis are compared, in 
Table Il, with those experimentally derived. They differ, in no 
case, by more than 6 per cent. This highly satisfactory result 
must, in some degree, be regarded as fortuitous. Several of the 
assumptions upon which the theory is based, e.g. spherical protein 
ions, a charge distribution having central symmetry, a single K} 
for all carboxyl groups, are of very dubious validity. Indeed one 
disconcerting result is the conclusion that the carboxyl groups of 
8-lactoglobulin have pKy = 4.6, while the corresponding constant 
of egg albumin is 4.29. On the other hand, the imidazole constant 
has been found to be 6.7 to 6.8 in both proteins. 








4 


72 aes 
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Relation between Net Charge (h) and Electrophoretic Mobility 
(u)—The electrophoretic mobilities of 8-lactoglobulin have been 
determined by Pedersen at 20° and » = 0.02 over a wide pH range. 
His results are given in Table VIII, together with the correspond- 
ing values of h. The latter were obtained by interpolation in our 
curve for » = 0.019, after introduction of a small temperature 
correction derived from our studies of the effects of temperature on 


TaB.e VIII 
Relation between Mobility (u) and Net Charge (h) 
20°; » = 0.02. 


pH Electrophoresis buffer u X 10 h *. XxX 10°5 
3.22 Acetate 19.6 25.0 1.27 
3.66 . 17.3 19.1 1.10 
4.18 12.1 12.0 0.99 
4.48 ™ 8.5 8.4 0.99 
4.65 ” 6.8 6.2 0.92 
4.95 * 2.2 2.6 1.18 
5.26 o —1.1 —0.8 0.73 
5.49 ~ —2.9 —2.9 1.00 
5.55 " —4.6 —3.7 0.81 
5.76 Phosphate —5.9 —5.3 0.90 
6.18 7 —8.5 —8.2 0.96 
6.46 " —9.8 —9.6 0.98 
6.66 Phosphate-borate —11.8 —10.8 0.92 
7.00 Phosphate —14.0 —12.8 0.91 
7.47 = —15.6 —-14.9 0.95 
8.27 Phosphate-borate —18.0 —17.8 0.99 
8.92 ” —19.7 —20.0 1.02 
Mean 0.98 


the dissociation curve. The ratio of mobility to net charge shows 
a satisfactory constancy from pH 4 to 9. The mean value of h/u 
over this range is 9.8 X 10*. 

A theoretical value of h/u may be computed on the basis of the 
Debye-Hiickel-Henry theory of electrophoretic mobility (20). 
For a spherical ion, we have 


pe he (xa) 
6rnr 1 + xa 


u 
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where e is the charge on the electron, n the viscosity, and ¢(xa) is 
a function of xa whose value, at 1 = 0.02, is practically unity (21). 
It follows that 


e = A + xa) 
u ée 

If we seta = r = 29.1 A. and assign to the solution the viscosity 
of water, we obtain for h/u the value of 8.2 X 10‘. This is about 
85 per cent of that found experimentally. The discrepancy is not 
materially reduced by substituting a plausible value for the 
viscosity of the solutions whose mobilities were determined, nor 
by increasing a by an amount such as might reasonably correspond 
with the mean radius of the ions of the buffer solutions. It is 
significant that the theory approaches the experimental results 
more closely in the case of 8-lactoglobulin than in that of egg 
albumin. For the latter protein, Longsworth (20) found that the 
theoretical value of h/u was only about 60 per cent of the observed 
value. The analysis of the situation in egg albumin was, however, 
complicated by the well known discrepancy between the isoelectric 
and the isoionic points. In the case of 8-lactoglobulin this 
difficulty is not encountered. 


SUMMARY 

1. Studies are reported of the effects, on the dissociation curve 
of 8-lactoglobulin, of temperature, the concentration of KCI, the 
concentration of protein, and the addition of formaldehyde. 

2. The results are consistent with the presence of 58 carboxyl, 
34 amino, 6 imidazole, and 6 guanidino groups in 1 mole (40,000 
gm.) of 8-lactoglobulin. 

3. Analyses are reported of the amounts of histidine, arginine, 
lysine, total dicarboxylic acids, amino nitrogen, and amide nitrogen 
in 8-lactoglobulin. 

4. The shape of the dissociation curve and the effect of [KCI] 
thereon are described in terms of electrostatic interaction theory. 

5. The ratio of net charge to electrophoretic mobility is sub- 
stantially constant from pH 4 to 9. The value of this ratio is 
about 15 per cent greater than that computed from the Debye- 
Hiickel-Henry theory of the mobility of spherical ions. 
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In 1928 Lancefield (1) described a species-specific substance in 
acid extracts of hemolytic streptococci. No little evidence indi- 
cated the active substance to be a carbohydrate. The purest 
preparation, however, contained 4.2 per cent N and only 28 per 
cent reducing sugar (calculated as glucose). The yield was stated 
to be very small. In 1933 Lancefield showed (2) that this carbo- 
hydrate was contained only in hemolytic streptococci of human 
origin, and a serological method was described for grouping these 
and other hemolytic streptococci on the basis of similar specific 
substances. Five groups were recognized; most strains of human 
origin fell into one group which was designated Group A. 

Recently Fuller (3) described another method, utilizing hot 
formamide to dissolve the streptococci, for obtaining these poly- 
saccharides. The method is suitable for the small amounts of 
polysaccharide needed for serological grouping methods and ap- 
pears to be particularly suitable for large scale extractions. The 
yields of polysaccharide obtained by Fuller have exceeded 1 per 
cent of the weight of dried streptococci used. Kendall, Heidel- 
berger, and Dawson (4) in comparing the properties of the capsular 
and the somatic group-specific polysaccharide of Group A strep- 
tococci reported that the latter gave no test for uronic acid and 
contained P. The presence of an amino sugar has been re- 
ported (5). 

* The expenses of this work have been defrayed by a grant from the Com- 


monwealth Fund. 
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Fuller’s method (3) was chosen for the isolation of the crude 
polysaccharide in the present study. Large amounts of strepto- 
cocci were assured when it was found that the polysaccharide 
could be obtained from the organisms from which the type- 
specific substance had been extracted with dilute acid (6); the 
amount of the polysaccharide isolated was the same, on the dry 
weight basis, as. from unextracted organisms. Purification was 
performed by chemical means and electrophoretic methods were 
used to follow the course of the purification. 


EXPERIMENTAL 

Preparation of Crude Polysaccharide—The procedure described 
by Fuller (3) was used, with some modifications. The acid- 
extracted streptococci (6) which serve as the starting material are 
dried with petroleum ether and extracted with formamide (1 gm. 
per 2.5 ml.) in a bath at 150° for 20 minutes. The precipitate 
which forms when 2.5 volumes of 95 per cent ethyl alcohol, con- 
taining 1 per cent of concentrated HCl, are added to the form- 
amide extracts is discarded. The polysaccharide is precipitated 
with an equal volume of acetone. The precipitate is extracted 
with water, reprecipitated with 5 volumes of acetone containing 
1 per cent of concentrated HCI, and dried with 95 per cent alcohol 
and ether. The preparations obtained by this procedure contain 
2.1 to 6.5 per cent N; the three preparations analyzed contained 
0.5 per cent P. These preparations are not completely soluble 
in neutral solvents. The insoluble material represents impurities. 

A study of the conditions that would give preparations con- 
taining the least N has shown that the temperature of the bath 
should not exceed 150°. Further, the extent to which the extracts 
are clarified by centrifugation is important. When a slight 
turbidity remains, the maximum precipitation of impurities is 
obtained by the subsequent addition of alcohol. When these 
precautions are taken, the crude preparations usually contain 
2.5 to 3.0 per cent N. 

Properties of Crude Polysaccharide—The polysaccharide _re- 
acted with Group A streptococcal antisera in a final dilution ex- 
ceeding 1:10° and showed the marked prozone previously noted by 
others (1, 5). It gave no reaction with Groups B, C, D, E, F, 
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and H. streptococcal antisera! or with antisera to Streptococcus 
viridans and smooth pneumococcus. 

The dialyzability of the polysaccharide was determined by 
placing solutions in cellophane tubes and dialyzing 48 hours in the 
refrigerator against a relatively large volume of water. The 
dialysate was tested for the polysaccharide with a specific anti- 
serum. The polysaccharide in the dialyzed solution was 
reprecipitated and the N and P content redetermined. In a 
typical experiment less than 1 per cent of polysaccharide appeared 
in the dialysate and the N content of the polysaccharide was 
reduced from 2.6 to 2.3 per cent; the P content remained at 0.50 
percent. The relative non-dialyzability of this polysaccharide was 
useful in further studies, since diffusible impurities could be elim- 
inated by dialysis, and electrophoretic studies, where dialysis is a 
necessary step, could be made. 

Electrophoretic Studies? with Crude Polysaccharide—From an 
observation made in electrophoretic studies of other streptococcal 
fractions (8, 9) it appeared that the group-specific polysaccharide 
was immobile in an electric field. Accordingly the use of electro- 
phoresis appeared to be promising for obtaining a pure product for 
which chemical data could be obtained; this in turn would be useful 
in devising a method for chemical purification of more general 
applicability. It will be seen that electrophoretic purification was 
not successful, but that these studies did give us information as to 
the amount and nature of the impurities, which was useful in 
following the chemical purification. 

The first electrophoretic experiment was performed with a 1.8 
per cent solution of a preparation containing 2.1 per cent N, and 
0.4 per cent P. The solvent® was phosphate buffer, pH 7.0, « 0.02. 
The potential gradient was 6.2 volts per em. The observations 


' Streptococeal antisera of Groups A, B, C, D, E, F, and H were furnished 
through the generosity of the Lederle Laboratories, Ine. 

* These studies were made possible through the generous cooperation of 
Dr. Florence B. Seibert of the Henry Phipps Institute and were performed 
with the Tiselius apparatus (7) of that institution. 

‘In this and subsequent experiments the solution was dialyzed against 
2 liters of the solvent buffer for 24 hours. The conductivities of the poly- 
saccharide solution and the buffer were determined after dialysis in several 


cases and found to be identieal. 
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made with this preparation by the Svensson optical method (10) 
are shown in Fig. 1. The principal peak, the polysaccharide, was 
immobile. The small peak appearing on the ascending side which 
was eventually resolved into four peaks was shown, after separa- 
tion and analysis of the solutions in the various compartments of 
the electrophoresis cell, to represent a relatively N-rich con- 


taminant. 





a > +_—_——_1d 


Fig. 1. kh etrophoresis of the erude polysaccharide ut pH 7.0 The time 


interval between A, when the eleetric current was started, and B was 41 
minutes: between Band C, 8 minutes: between C and D. 78 minutes. For 
D, the mid-line was shifted and separate observations were made of 


the ascending and descending boundaries 


This experiment showed that purification by electrophoresis 
would be difficult or impossible because of poor resolution on the 
descending side. Even after 5 hours of electrophoresis the results 
were not very different from those shown in Fig. 1, ). The most 
rapidly moving peak on the ascending side had a mobility of 

5 & 10° em? see. volt~! and the slowest of the mobile com- 
ponents had a mobility of —2 K 10° em? see. 

This experiment was repeated with a 1.0 per cent solution of 


volt 


polysaccharide containing 1.9 per cent N with similar results. 
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The same material was studied in acetate buffer, pH 4.5, u 0.02. 
The principal component was immobile. Two negatively charged 
components were observed, the faster having a mobility of —2 x 
10-° em.? seec.~' volt~', and one positively charged component. 
The mobilities and behavior on the descending side were such that 
electrophoretic separation of polysaccharide and contamination 
could not be performed. 

Another experiment was performed with the polysaccharide in 
borate buffer, pH 9.0, u 0.004. The concentration was 1.5 per 
cent. The results were very similar to those obtained at pH 7.0. 
The peaks appearing on the ascending side moved more rapidly, 
the fastest having a mobility of —10 X 10~ em.? sec.~! volt, but 
no clear separation was obtained on the descending side. On the 
ascending side the polysaccharide had a slight movement toward 
the negative pole (downward), whereas on the descending side it 
had considerable movement toward the positive pole. In this 
last case the movement appeared to be due to the drag of the 
contaminant moving through the polysaccharide. This made 
prolonged electrophoresis impossible, since the boundaries were 
approaching each other. 

Longsworth, Cannan, and MaclInnes (11) have described ap- 
parent interactions of the proteins of egg white. The ascending 
and descending curves obtained in electrophoresis were far from 
being mirror images of each other. These interactions occurred 
between proteins of opposite charge and it cannot be said whether 
the interaction we have observed between a neutral polysac- 
charide and protein is similar. The interaction that they ob- 
served is favored by low ionic strength. More to the point are 
the recent studies of Seibert and Watson (12) in which interactions 
were observed between polysaccharide and nucleic acid and pro- 
tein. The electrophoretic diagrams obtained for one fraction (S6) 
are almost identical with the diagrams obtained in our studies. 
Interaction was particularly striking with another fraction (S4) 
in which electrophoresis repeated five times, for a total of 114 
hours, did not successfully separate the nitrogenous contamination 
from the polysaccharide. In their studies the resolution of the 
components of Fraction 84 was much poorer at an ionic strength 
of 0.1 than at 0.02. Our experiments were limited to buffers of 
ionic strength 0.02 and 0.004 (one experiment). 
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Chemical Purification of Polysaccharide—Phosphotungstic acid, 
lead acetate, and metaphosphoric acid have been used with little 
or no success in the attempt to remove the nitrogenous contamina- 
tion revealed by electrophoretic experiments. Treatment with 
chloroform (13) effected a partial purification; polysaccharide 
preparations were obtained in which the N content was reduced 
to 1.9 per cent. Meyer et al. (14) had found such treatment not 
very successful when the nitrogenous contamination was of low 
molecular weight, particularly with neutral polysaccharides which 
seem to exert a protective action. The hot formamide method of 
preparation might be expected to give nitrogenous contamination 
of low molecular weight. 

We have found Lloyd’s reagent most effective in purifying this 
polysaccharide. The efficiency of this reagent in the purification 
of neutral polysaccharides has been pointed out by Meyer et al. 
(14). By its use white, granular preparations containing 1.72 per 
cent N and 0.70 per cent P have been prepared. 

The most highly purified preparations are obtained as follows: 
The crude polysaccharide, previously described, is dissolved in 
water. The solutions are acid (blue to Congo red paper), and 
usually solution is complete except with the preparations con- 
taining 5 to 6 per cent N; any insoluble material is discarded. 
The solution is neutralized carefully with nN HCI and the flocculent 
precipitates which form successively are discarded. No precip- 
itate has been obtained above neutrality and this pH need not be 
exceeded. These precipitates have the N content of proteins and 
by their removal polysaccharide preparations are obtained con- 
taining 2.5 per cent N when precipitated with 5 volumes of acetone 
containing sufficient concentrated HCl to produce flocculation. 
These preparations are light buff-colored powders. Further 
purification is effected with Lloyd’s reagent. An approximately 
5 per cent solution of polysaccharide containing 5 per cent of glacial 
acetic acid is treated successively with 0.02 gm. of Lloyd’s reagent 
per ml. of solution. The suspensions are shaken for several min- 
utes. Successive treatments are performed by centrifuging and 
mixing the supernatant fluid with another portion of the reagent. 
This is done three to six times. Little or none of the polysac- 
charide is adsorbed on the reagent. The polysaccharide left in 
the fluid adhering to the reagent is washed off and recovered sep- 
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arately. The polysaccharide solution after treatment with Lloyd’s 
reagent is dialyzed 16 hours with two successive 2 liter portions 
of distilled water. Very little polysaccharide is lost by this step 
and the content of inorganic material is reduced. The polysac- 


TABLE I 


Properties of Purified Polysaccharide 


Specific reaction with Group A streptococeal anti- Reactive in final dilu- 
serum tion exceeding 1:2,- 
000 ,000 
Relative viscosity of solutions in 0.90% NaCl at 25° 0.1%, 1.01; 0.5%, 1.04; 
1.4%, 1.09 
Optical rotation at 24°; 2.0% solution in2dm. tube; [a]} = —71.5 
an = —2.87 
Reducing value after hydrolysis, as glucose, by 87.2% 
Hagedorn-Jensen method* 
Electrophoretic mobility, « 0.02, pH 7.0, phos- Negligible mobility 


phate 

Electrophoretic mobility, « 0.02, pH 9.0, borate Two principal com- 
ponents: (1) negli- 
gible mobility; (2) 
—7.0 X 10° em? 
sec.~' volt! 

Nitrogen content 1.72% 

Phosphorus content 0.70% 

Orcinol reaction (pentose), 5 mg. sample Positivet 


Khrlich’s diazo reaction (diazobenzenesulfonie Negative 
acid), 5 mg. sample 
Test for amino sugar (p-dimethylaminobenzalde- Before hydrolysis, 
hyde) (15) negative; after hy- 
drolysis, positivet 


* Sample hydrolyzed in closed tube with 1.0 ml. of concentrated HC] and 
5.0 ml. of H.O for 2 hours at 100°. 

+ The green color appeared much more slowly than with the same weight 
of arabinose and did not undergo a final change to blue as did arabinose. 

t The hydrolyzed solutions prepared for the determination of the redue- 


ing value were used. 


charide is precipitated with 5 volumes of acetone and sufficient 
concentrated HCl (4 to 6 drops to a volume of approximately 
100 ml.) to obtain a floeculent precipitate. The dense, white precip- 
itate when centrifuged coalesces and forms a viscous, clear, almost 
invisible film. The acetone is drained off thoroughly and the 
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polysaccharide dried with absolute ethyl alcohol. The viscous 
film becomes brittle and easily powdered in absolute alcohol. The 
pure white, granular product is dried in a vacuum desiccator over 
P.O; and ascarite. The properties of the polysaccharide prepared 
by this means are given in Table I. This material was subjected 
to electrophoresis in 1.0 per cent concentration in borate buffer, 
pH 9.0, and phosphate buffer, pH 7.0; the ionic strength in both 





4'’-':—- 1d 


Fig. 2. Electrophoresis of the purified polysaccharide. The A, B, and 
C curves were obtained in borate buffer at pH 9.0; the D, £, and F curves in 
phosphate buffer at pH 7.0. The times elapsed between A and B and be- 
tween B and C were 24 and 22 minutes, respectively. D was obtained 20 


minutes after ele ctrophoresis had begun: the times elapsed between D and 


E and between FE and F were 10 and 52 minutes, respectively. 


cases was 0.02. The results are shown in Fig. 2. The significance 
of the new negatively charged peak which appeared in the borate 
buffert on the ascending side is considered in the discussion. The 
transformation of the polysaccharide which occurs in borate buffer, 
pH 9.0, « 0.02, is largely reversed in a phosphate buffer at pH 7.0. 

The previous experiment with borate buffer at this pH was performed 


in more dilute buffer (« 0.004), which may account for the non-appearance 


of this component in the same striking amount 
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The material recovered from the experiment at pH 9.0 was sub- 
jected to electrophoresis in phosphate buffer, pH 7.0, u 0.02, and 
the previously predominant mobile peak was not seen. The pic- 
ture obtained after 81 minutes of electrophoresis was very similar 
to that shown in Fig. 2, 7, with perhaps more of the most mobile 
component showing. 


DISCUSSION 


The electrophoretic data are of interest in relation to the purity 
of the final polysaccharide preparation. The appearance of large 
amounts of a new component in the borate buffer’ at pH 9.0 raises 
the question whether some of this may be present at other pH 
values and other conditions. It may represent complex formation 
with the borate. However, it is of interest that extrapolation of 
the mobilities of the most mobile component in acetate at pH 4.5 
and in phosphate at pH 7.0 leads to a mobility identical to that 
measured at pH 9.0 in borate. The fastest component in the 
experiments at the lower pH values may represent transformed 
polysaccharide also. In any case some contamination is present, 
since the less mobile peaks clearly seen in D of Fig. 1 are visible 
also, although to a smaller extent, in F of Fig. 2. The isoelectric 
point of the fastest component is quite acid, pH 2.5, based on a 
linear extrapolation of the mobilities at pH 4.5, 7.0, and 9.0. 

The amino sugar test (see Table I) was negative with the un- 
hydrolyzed polysaccharide but after hydrolysis a strongly positive 
test was obtained; 1.0 mg. of hydrolyzed polysaccharide gave about 
the same amount of cherry-red color as 0.2 mg. of glucosamine. 
Although we previously (17) expected to obtain the polysaccharide 
free of N, it now appears, from the earlier discussion of the electro- 
phoretic data and the strongly positive amino sugar test, that 
most of the 1.72 per cent N of the purified preparations can be 
regarded as part of the molecule. 

The P also seems to be a part of the polysaccharide molecule. 
The basis for this conclusion is as follows: The amount of P 
present, if as contaminating nucleic acid, would represent 7.0 per 


5’ Watson (16) has made somewhat similar observations with a tuberculin 
polysaccharide. At pH 9.3 in borate buffer the polysaccharide separated 
into two definite components, whereas at the other pH values there was 
simply a heterogeneous curve. 
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cent of nucleic acid which should have been detected in electro- 
phoresis with the sensitive optical system used for observation. 
Furthermore, when subjected to electrophoresis, the mobility of 
the nucleic acid being high (8), a diminution of the P content would 
be expected. However, the material recovered after electro- 
phoresis contained the same amount of P as the starting material. 
The same result was obtained in both the borate and phosphate 
buffers; hence it does not seem likely that the P represents ab- 
sorbed phosphate, since if it did it would likely increase when in 
contact with the phosphate buffer. Kendall ef al. (4) have 
stated that this polysaccharide contains P; the evidence for their 
conclusion was not given. The P in biological compounds has 
always been found as phosphoric acid and it is unlikely that the 
primary phosphoric acid group is esterified to give a neutral poly- 
saccharide. It may be that an inner salt (zwitter ion) is formed, 
which would account for the observed neutrality of this poly- 
saccharide. 

The relative viscosities of solutions of this polysaccharide are 
lower than any obtained by Brown (18) in her extensive studies of 
the pneumococcal type-specific polysaccharides. 

The unusually high levorotation is striking and should be useful 
in following the purification of this polysaccharide. The prepara- 
tions of Lancefield (1), isolated from the streptococci by a different 
procedure, were levorotatory also and had a specific rotation of 33°. 


SUMMARY 


The streptococcal Group <A-specifie polysaccharide was _iso- 
lated from acid-extracted organisms by the formamide method of 
Fuller. After purification by fractionation at varying pH and 
the use of Lloyd’s reagent, a product was obtained which was re- 
active in dilutions exceeding 1:2,000,000 with specific antisera and 
contained 1.72 per cent N, 0.70 per cent P, and a reducing value 
(as glucose) of 87.2 per cent. 1 mg. of the hydrolyzed polysac- 
charide gave about the same amount of color in an amino sugar 
test as 0.2 mg. of glucosamine. The specific rotation was —71.5°. 
It was immobile in an electric field. The diffusion through cello- 
phane casing was slight and the relative viscosity was very low. 


Addendum—Physicochemical measurements have been made with this 
polysaccharide in the Department of Chemistry of the University of Wis- 
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consin by Miss Ellen Burtner under the direction of Professor J. W. Wil- 
liams. Diffusion measurements have shown that the polysaccharide is 
fairly homogeneous and in the ultracentrifuge it appeared to be a single 
substance. The diffusion constant (Deo) is 10.5 K 10-7 cm.? per second and 
the sedimentation constant (820) is 1.35  10-" em. per second per dyne. 
Assuming the partial specific volume to be 0.62 (such a value was obtained 
for a tuberculin polysaccharide (Seibert et al. (19)) which in other physical 
properties appears to be very similar. These polysaccharides are, however, 
immunologically distinct.) the molecular weight is about 8000 and the 
Svedberg dissymmetry number, f/fo, is 1.6. The large value for f/f indi- 
cates that the molecule deviates from a spherical shape or that it is hydrated 
or both. If the value for f/f, is due to the former, the ratio of the major 
to minor axis would be about 11.0:1. However, the polysaccharide is 
probably hydrated to some extent in view of the tenacity with which it 
holds water. These data will be published in detail elsewhere as part of 
the program of study of bacterial polysaccharides in progress in the Uni- 
versity of Wisconsin laboratory. The interest of Professor Janet R. 
McCarter of the University of Wisconsin in these studies is gratefully 
acknowledged. 
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In the studies which led to the discovery and isolation of tri- 
phosphopyridine nucleotide (TPN), Warburg, Christian, and 
Griese (1) determined the TPN quantitatively by a method which 
involved its oxidation by the old yellow enzyme and oxygen. This 
manometric test involves relatively large concentrations of the 
reacting constituents and the old yellow enzyme is not specific 
for TPN; it has also been used (2) in a quantitative test for di- 
phosphopyridine nucleotide (DPN). Cytochrome c reductase, on 
the other hand, is specific toward TPN;; it is inactive with the co- 
enzyme DPN. Thesystem, cytochrome c-cytochrome c reductase- 
TPN-Zwischenferment-glucose-6-phosphate, which was used in 
the test for cytochrome c reductase, can also be employed as a test 
for any one of the constituents of the system. 

In this paper we are giving the conditions necessary for the em- 
ployment of this system for the quantitative determination of 
TPN. The over-all reaction is the reduction of eytochrome ce, 
observed spectrophotometrically, by glucose-6-phosphate; the 
rate at which the cytochrome c is reduced is proportional to the 
TPN concentration. 

The test as described here is very sensitive; 0.025 y of TPN can 
be determined with an error of less than 10 per cent. It should 
therefore be of use in biological or clinical studies in which only very 
limited amounts of material are available. 

Test Substances—The components of the test were prepared as 
previously described (3). In order to simplify the preparation of 
the test substances, partially purified samples of Zwischenferment 
and of the cytochrome reductase may be used. For this study, 
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TABLE I 
Analytical Test 
Wave-length, 550 my; temperature, 25°; 1.0 ml. of 0.025 m phosphate 
buffer, pH 8.3; 0.75 mg. of glucose-6-phosphate ; 2.5 mg. of Zwischenferment; 
1.2 mg. of cytochrome c; 0.25 mg. of cytochrome reductase; 5 X 10-5 mg, 
of triphosphopyridine nucleotide. 


1/l X log I,/I — Greduced Cc 
= 10.86 X 10°§ — 16.83 X 10°8 


CyFe* an oxidized ~~ Greduced 
I, [moles 
X log 7 i | 
C = total cytochrome concentration = 7.17 X 10-* (mole X ml.~'). 
CyFe*** = concentration of ferricytochrome c (mole X ml.~'). 
l = length of absorption cell = 0.32 em. 
GQreduced (4) = absorption coefficient of ferrocytochrome c = 0.281 xX 


108 (em.* X mole“). 
@oxidizea = absorption coefficient of ferricytochrome c = 0.0956 X 108 (em.? 
< mole). 

















Time os Log a CyFe*** CyFe* ott. A log a 
ate va mole X mi. ri 7. min? 
0 1.655 | 0.219 7.17 X 107% 0.855 
I 1.715 | 0.234 6.92 0.840 0.015 0.015 
2 1.770 | 0.248 6.68 0.825 0.030 0.015 
3 1.825 | 0.261 6.46 0.810 0.045 0.015 
} 1.875 | 0.273 6.27 | 0.797 0.058 0.015 
5 1.920 | 0.283 6.10 | 0.785 0.070 | 0.014 
6 1.985 0.298 5.85 0.767 0.088 | 0.015 
T i | i 
0.060F da 
a 
ye 
t- 
0.045- ‘a 
a 
s. 
FS 
SD 0.030+ : 
3 
0.015 a 
i L i 1 
0.05 0.10 0.15 0.20 


TPN (micrograms) 


Fie. 1. The rate of reduction of ferricytochrome c as a function of the 
triphosphopyridine nucleotide concentration. 
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60 mg. of the cytochrome reductase preparation, obtained from 
Step 4 in the previously described method of preparation (3), were 
dissolved in 3.5 ml. of water by slowly adding 0.50 ml. of 0.1 N 
potassium hydroxide. The solution was dialyzed in a cellophane 
tube against 3 X 10-* N ammonium hydroxide, for 24 hours, at 
0°, to remove traces of TPN. For each experiment 0.04 ml. of 
the dialyzed solution, equivalent to 0.25 mg. of protein, was used. 

In Fig. 1 the rate of reduction of cytochrome c, A log CyFe+**+/At, 
is plotted, when different amounts of TPN are added to the test 
solution. The proposed method allows the determination of about 
100 times smaller amounts of TPN than the test which includes the 
old yellow enzyme and oxygen. This is partly due to the higher 
activity of the cytochrome reductase and partly to the higher 
sensitivity of the optical method. With as much as 0.40 y of 
diphosphopyridine nucleotide, no reduction of cytochrome could be 
observed. 


SUMMARY 


A spectrophotometric test, which allows the accurate determina- 
tion of 2 K 10°? to 20 XK 10°? y of triphosphopyridine nucleotide in 
the course of a few minutes, has been described. Diphospho- 
pyridine nucleotide is inactive in this test. 


We wish to acknowledge our indebtedness to the Rockefeller 
Foundation for a grant-in-aid which made this work possible and to 
the Works Progress Administration for help during the course of 
this investigation. 
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The need for a rapid, accurate, and sensitive method of esti- 
mating allantoin is apparent from the numerous procedures which 
have been proposed within the past decade. The method should 
be applicable to small amounts of urine or blood in the routine 
analysis of metabolic experiments. This has become apparent to 
us in the course of investigating the purine metabolism of the 
Dalmatian coach hound (Young, Conway, and Crandall, 1938). 

Dissatisfaction with the accuracy and elegance of three modern 
methods with which we have had experience, viz. those of Christ- 
man (1926), Larson (1931-32), and Mourot (1935), has led us to 
investigate the conditions necessary to satisfy the above require- 
ments. All procedures which require the removal of interfering 
substances from the urine before the final estimation, as in the 
original Wiechowski procedure and in both the Larson and Christ- 
man methods, are objectionable because of bulky precipitates 
with the resulting danger of adsorption or occlusion of allantoin. 
Although the Larson method is a rapid one, we have found that 
the values obtained are generally higher than by the procedure 
proposed. This is presumably due to the presence in urine of 
reducing compounds which are not removed prior to the color 
reaction. The Christman method on the other hand is a very 
tedious one, not well suited to metabolic experimentation in our 
experience. It tends to give values which are too low in our 
hands, 

The sensitivity of the Rimini reaction for formaldehyde as 


* A preliminary report was made to the Sixteenth International Physio- 
logical Congress at Zurich (Kongressbericht IT, 126 (1938)). 
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modified by Schryver (1910) is 1 in a million. This reaction is 
directly applicable to glyoxylic acid, as shown by Fosse and 
Hieulle (1924), and has been made the basis of quantitative meth- 
ods for the estimation of allantoin in urine (Fosse et al., 1930, 
1931; Ro, 1931; Mourot, 1935; Borsook, 1935; Paget and Berger, 
1938). In this procedure allantoin is converted to allantoic acid 
by the allantoinase of soy bean. The allantoic acid is hydro- 
lyzed to urea and glyoxylic acid by dilute hydrochloric acid, the 
phenylhydrazone is formed, and a color developed by oxidation 
with ferricyanide. The color is measured against a standard of 
allantoic acid, spectrophotometrically by Fosse et al. (1931) and 
Borsook (1935), and in a Duboseq colorimeter by Mourot (1935) 
and Ro (1931). 

By a systematic investigation of some of the conditions con- 
trolling these reactions it has been possible to simplify the pro- 
cedure considerably and to adapt the method to the ordinary 
colorimeter with an accuracy of +5 per cent. 


EXPERIMENTAL 


The modification of Mourot (1935) of the Fosse et al. (1931) 
procedure has been tested by us on pure solutions of allantoin 
containing 10 to 50 mg. per 100 ml. The amounts estimated 
represented recoveries of 56 to 94 per cent, with an average of 78 
for fifteen determinations. Duplication of results was difficult 
and there were differences in shade of the color developed from 
brownish to vivid crimson. Accepting this technique, however, 
as a guide, we have investigated the various steps in the pro- 
cedure. 

The chemicals of doubtful purity, viz. phenylhydrazine hydro- 
chloride, potassium ferricyanide, and potassium allantoate, were 
first recrystallized several times to be certain that impurities in 
these chemicals were not responsible for the discrepancies. Fresh 
solutions were prepared each day. 

As a result of the investigation of these variables in the pro- 
cedures published by Fosse and his colleagues we have devised 
the following method of estimating allantoin, using a Klett 
colorimeter. The reasons for our modifications will be apparent 
from the experimental details given later. 
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Method 


Reagents— 

1. Sodium hydroxide, 0.5 N. 

2. Hydrochloric acid, 0.5 N and concentrated (sp. gr., 1.19). 

3. Phenylhydrazine hydrochloride, 0.33 per cent. 0.05 gm. 
in 15 ml. of water, prepared daily. 

4. Potassium ferricyanide, 1.67 per cent. 0.25 gm. in 15 ml. 
of water, prepared daily. 

5. Potassium allantoate standard, 20.0 mg. in 1000 ml. of 0.01 
n sodium hydroxide, prepared every 3 months. 

Procedure—An aliquot of urine containing 0.05 to 1 mg. of 
allantoin (usually 1 to 2 ml.) is transferred to a 50 ml. volumetric 
flask and diluted to volume with distilled water. 5 ml. of the 
diluted urine are pipetted into a Pyrex tube graduated at 25 ml., 
such as a blood urea tube, 20 K 150 mm., 1 ml. of 0.5 Nn NaOH 
is added, and the tube placed in a vigorously boiling water bath 
for 7 minutes. On removal it is immersed in a water bath at 20°. 

1 ml. of 0.5 N HCl is added with 5 drops additional to adjust 
acidity to approximately 0.02 Nn. 5 ml. of the standard solution of 
allantoate are pipetted into a separate tube and 5 drops of 0.5 N 
HCl added. Then 1 ml. of the phenylhydrazine solution is 
added to each tube. The tubes are shaken and placed in a boil- 
ing water bath for exactly 2 minutes. They are then immediately 
plunged into an ice-salt bath at approximately —10° and chilled 
to incipient freezing in about 3 minutes. 

On removal from the bath, 3 ml. of concentrated hydrochloric 
acid, also chilled to —10°, are added to each tube and 1 ml. of 
potassium ferricyanide solution. The contents are well mixed. 
After 30 minutes the tubes are filled to the mark with distilled 
water and compared in a Duboseq colorimeter. 

The calculation is therefore 


S 50. 100 
— < 0.1 0.7 — 
Uv x X 0.738 X 5 x X 


or simply S/U’ X 73.8/X = mg. of allantoin in 100 ml. of urine, 
where S = the reading of the standard, U = the reading of the 
unknown, XY = the number of ml. of urine used for initial dilution 
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to 50 ml., and 0.738 = the factor for the conversion of allantoate 
to allantoin. 

The concentration of the standard may be varied between the 
limits of 5 and 100 mg., as required in ordinary colorimetric 
practice. 

Preparation of Potassium Allantoate—As a standard, potassium 
allantoate is better than either allantoin or allantoic acid because 
of its stability in solution and ease of purification. We have pre- 
pared it as follows: 2.8 gm. of allantoin are stirred into a solution 
of 20 ml. of 1 n KOH at 75° and the solution is maintained at 
this temperature for 30 minutes. After cooling, 200 ml. of 95 
per cent ethyl alcohol are added and the cloudy solution is placed 
in the ice box overnight, when crystallization takes place. The 
yield is the theoretical 3.45 gm. under these conditions. One 
recrystallization is desirable; a minimum quantity of warm water 
is used and alcohol added in the ratio of 20:1. The crystals are 
dried at 100° and powdered. M.p. 183-185° (uncorrected) with 
decomposition. This procedure is a modification of the method 
of Ponomarew (1878). 

Conversion of Allantoin to Allantoic Acid—In the procedure 
adopted sodium hydroxide is used for this purpose. The use of 
the allantoinase as the powdered bean of Soja hispida in a medium 
of ammonium sesquicarbonate was introduced by Fosse and 
Brunel (1929), and applied by Fosse et al. (1930) and Mourot 
(1935) to the estimation of allantoin in urine. Ammonium 
sesquicarbonate is not listed in English or American chemical 
catalogues and there appears to be doubt as to the existence of 
such a substance. Under the original conditions pH 9.5 was 
obtained with a mixture of ammonium bicarbonate and car- 
bonate to the formula 2NH,HCO;-(NH,)2CO;. Using pure solu- 
tions of allantoin, we have determined the effect of variation 
in pH with allantoinase at 40° for an interval of 12 hours. Table I 
records these results and demonstrates the importance of a pH 
of 12 to 13. 

In brief the technique employed was as follows: Potassium cy- 
anide (0.075 gm.) and ammonium sesquicarbonate (0.2 gm.) 
were added to a solution containing a minimum of 0.5 mg. of 
allantoin in 100 ml. Soy bean powder (1 gm.) and chloroform 
(10 drops) were added and the mixture incubated at 40° for 12 
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hours. The solution was then centrifuged and 1 n sulfuric acid 
added to an aliquot (5 to 10 ml.) until acid to litmus. Then fol- 
lowed the addition of minimal amounts of sodium tungstate (5 
per cent) and 3 N sulfuric acid to remove the soy bean protein. 
The material was filtered into a volumetric flask and the precipi- 
tate washed with 0.01 n hydrochloric acid. A volume was so 
formed as to provide a liter of allantoic acid of not more than 15 
mg. per liter. 2 ml. of this solution were treated with 2 drops of 
phenylhydrazine hydrochloride (1 per cent) in a tube graduated 
at 20 ml., placed in a boiling water bath for 2 minutes, cooled 
in tap water, and 3 ml. of concentrated hydrochloric acid and 


TaBLe I 
Influence of pH on Hydrolysis of Allantoin with Allantoinase 


























Allantoin 
pH — Pa Recovery 
Initial Estimated 

me. per 100 ml. me. per 100 ml. per cent 
8.0 18.2 8.5 47 
8.4 19.7 10.8 55 
9.0 18.9 9.8 52 
10.0 21.7 14.6 67 
10.4 | 15.5 10.8 70 
11.5 17.3 14.3 83 
12.0 18.0 18.1 100 
12.9 18.7 18.9 101 





2 drops of potassium ferricyanide (5 per cent) were added. 2 ml. 
of standard potassium allantoate were treated similarly and colors 
compared after 30 minutes. 

The high pH of the reaction suggested to us the importance of 
alkali in the estimation. The omission of the soy bean meal did 
not affect the reaction whatever at this pH. The allantoin can 
be completely converted to allantoate at pH 12 in about 6 minutes 
in a boiling water bath. Heating for longer periods up to 20 
minutes does not affect the allantoate formed. The same result 
may be obtained by the use of lower temperatures by prolonging 
the time, as is shown in Table II. This mode of conversion of 
allantoin to allantoate has been used previously by Fosse and 
Bossuyt (1929) employing 0.1 n KOH at 60° for 2 hours, and by 
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Allen and Cerecedo (1931) who used 0.2 nN KOH at 70° for 2 hours. 
Our experiments have convinced us that it is possible to shorten 
the procedure by raising the temperature without loss of accuracy. 
There is occasionally a disadvantage if much pigment is formed 
in the urinary sample. 

Hydrolysis of Allantoic Acid—The reaction is usually carried 
out at 100° in the presence of dilute hydrochloric acid, 0.01 to 
0.1 Nn, and phenylhydrazine hydrochloride. Experiments were 
tried with pure solutions of allantoate heated at 100° for different 


TaBLe II 
Influence of Temperature on Hydrolysis of Allantoin with NaOH Only at pH 12 


Allantoin 
Temperature | Time a eae i Recovery 
Initial Estimated 

ps min me. me per cent 
70 15 29.6 21.3 76 
70 120 30.0 29.4 OS 
80 10 29.5 23.9 S1 
8O 15 23.2 22.7 97 
8O 30 23.2 22.4 96 
SO 60 24.0 24.6 102 
9O 10 29.8 27.1 YO 
90 15 32.6 31.5 97 
90 30 26.2 27.1 103 
100 5 10.0 9.5 95 
100 8S 10.0 9.8 YS 
100 12 10.0 9.8 98 
100 20 10.0 9.7 97 


intervals in various concentrations of acid and placed subse- 
quently in a bath at 8°. The standard tube was heated for 2 
minutes only, as a longer interval caused a decrease in the in- 
tensity of the color. A concentration of 0.04 to 0.05 n HCl was 
most suitable. By separating the addition of acid and phenyl- 
hydrazine it was possible to show that the hydrolysis was com- 
pleted in 1 to 2 minutes at 100° and that the products were not 
affected by 10 minutes at this temperature. The hydrazine re- 
action, however, was appreciably disturbed by longer heating 
than 3 minutes at 100°, as may be seen in Table III. It may, 
however, be completed at a lower temperature after the hydrolysis 
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of the allantoic acid. This is important in the event of the pres- 
ence of compounds such as sugars which react with phenylhy- 
drazine. 

The apparent instability of the reaction between glyoxylic acid 
and phenylhydrazine hydrochloride suggested a trial of lowering 
the temperature of the solution promptly to inhibit side reactions. 

The effect of rapidity of cooling was therefore next investigated 
following the formation presumably of the glyoxylic phenyl- 
hydrazone. Color intensities were referred to a standard cooled 
for 3 minutes in an ice-salt bath at —10°. All tubes were equi- 


TaBLe III 


Hydrolysis of Allantoic Acid and Reaction of Glyozylic Acid Formed with 
Phenylhydrazine 


Allantoate estimated 





Temperature Time (initial 38.0 mg.) Recovery 

Cc min me per cent 
100 1 36.6 96 
100 2 38.0 100 
100 3 36.6 96 
100 5 34.8 91 
WO 2 38.8 102 
90 20 0 0 
iO 5 37.2 98 
40 5 38.0 100 
30 5 36.8 97 
25 15 36.8 97 
20 20 37.2 98 





librated in a water bath at 20° as soon as removed from the cool- 
ing medium. Alcohol and solid carbon dioxide mixtures provided 
baths ranging from —60° to —20°. 

Rapid cooling increased the intensity of the final color. Pro- 
longed cooling in the freezing mixtures beyond 3 minutes was 
without effect. More elevated temperatures than —10° tended 
to cause brownish colorations. Lower temperatures increased 
the color intensity so that at —60° it was 15 per cent higher than 
at —10°. The rapidity of cooling is therefore an important factor 
in technique, as has been previously noted only by Borsook (1935). 

Stability of Standard Solutions of Allantoate—By the procedure 
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described above solutions of potassium allantoate prepared on 
the same day have agreed well in titer. If, however, such solu- 
tions were allowed to age at a neutral reaction and were compared 
with fresh standards, a progressive decline in titer was observed. 
In a solution of 1 N HCl this decline was very rapid. In acidities 
of 0.1 to 0.01 n HCl there was an increase in titer of approxi- 
mately 10 per cent during the first 24 to 48 hours followed by a 
decline to within 4 per cent of the original value and this value 
remained constant for a period of 2 months. In an alkalinity of 
0.01 Nn NaOH the titer has been observed to remain constant for 
a period of at least 3 months. This is the more logical medium 
for the standard allantoate, rather than acid with its tendency 
to induce hydrolysis to glyoxylic acid and urea with subsequent 
decomposition of the glyoxyliec acid. 

Color Intensity and Concentration of Allantoate—To determine 
the limits of concentration of allantoate and their relation to the 
intensity of the color developed, standard solutions containing 5 
to 100 mg. of potassium allantoate per liter were prepared. 5 ml. 
samples were used to develop the color in the usual way and they 
were compared with a suitable standard set at 20 mm. according 
to the usual colorimetric practice. Below 5 mg. the color was 
rather weak for comparison and above 100 mg. pigmented pre- 
cipitates formed. Thus the limiting concentrations for a single 
determination by this procedure would be 0.025 to 0.5 mg. of 
potassium allantoate or approximately 0.02 to 0.4 mg. of allantoin. 

Stability of Color—By comparison with a standard prepared 
every 30 minutes it was possible to determine the rate of fading 
of the color with time. The maximum color is developed in 
about 20 minutes and in 60 minutes there is a loss of 8 per cent, 
in 90 minutes 15 per cent, in 120 minutes 22 per cent. 

Specificity of Rimini-Schryver Reaction—The specificity of this 
reaction and its chemistry have been little investigated. The 
original Rimini reaction was devised for the detection of formal- 
dehyde by the use of phenylhydrazine hydrochloride, sodium 
nitroprusside, and sodium hydroxide. Schryver (1910) modified 
the test and increased its sensitivity greatly by using phenyl- 
hydrazine and potassium ferricyanide in a medium of concentrated 
hydrochloric acid. He offered the explanation without evidence 
that ‘the reaction is due to the formation of a condensation prod- 
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uct of formaldehyde and phenylhydrazine, which, on oxidation, 
yields a weak base; the latter, in presence of excess strong acids, 
yields salts, which readily undergo hydrolytic dissociation on 
dilution.”” Fosse and Hieulle (1924) showed this reaction to be 
given by glyoxylic acid in 1 part in 1 million. 

The stoichiometrical basis for the reaction, however, depends 
primarily on the isolation of urea (Fosse and Bossuyt, 1927; 


O O 

Vi Vi 
NH, C NH NH, C—OH NH, 
| | 
C=O C=0 — C=0 C=O + 2H,0 —— 

| | 
NH—CH—NH NH—CH——NH 
Allantoin Allantoiec acid 
NH, COOH 


2C=0 + CH(OH) 


NH, 
Urea Glyoxylie 
acid 
I 
CHO CH: N-NH-CoHs 
+ C.H;NH-NH, —— | + H,O 
COOH COOH 
+ K,Fe(CN). — chromophore 
II 


Fosse, Brunel, and de Graeve, 1929; Allen and Cerecedo, 1931) 
in conformity with equation (I). The quantitative character 
of the reaction between the glyoxylic acid formed and phenyl- 
hydrazine as in equation (II) rests on slender evidence. 

In one experiment only Fosse and Hieulle (1924) demonstrated 
qualitatively that a specimen of calcium glyoxylate of unknown 
purity gave a positive color reaction. As we were interested in 
determining the conditions for the greatest sensitivity of the reac- 
tion, it was of importance to determine the quantitative character 
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of this reaction. To this end after many difficulties a specimen 
of glyoxylic acid was prepared by the electrolytic reduction of 
oxalic acid (Mohrschutz, 1926) and recrystallized several times. 
This material proved to be highly hygroscopic and was dried 
over phosphorus pentoxide in a weighing bottle. 1.04 mg. were 
weighed out on a micro balance and dissolved in 100 ml. of water. 
An aliquot of this solution was used as standard against the pure 
potassium allantoate standard with our technique. This was 
also carried out with a specimen of calcium glyoxylate prepared 
in the course of isolating the glyoxylic acid. On the assumption 
that 1 molecule of allantoate gives 1 molecule of glyoxylic acid 
and that the molecular weight of the latter is 74 as used, the re- 
sults of the comparison agree reasonably well. 1 mg. of standard 
potassium allantoate should require 0.346 mg. of glyoxylie acid 
to provide the same depth of color. It actually required 0.361 
mg., a difference of only 4.3 per cent. With calcium glyoxylate 
the calculated equivalent is 0.434 mg. and it required 0.495 mg. 
of our specimen, a difference of 14 per cent, due either to impurity 
in the specimen or side reactions.! 

We have tested a large number of compounds which might, 
directly or indirectly, act as chromogens when the reaction was 
applied directly to urine. In general the test was made by the 
identical technique given above. In those cases in which pig- 
ment was formed it was matched when possible against a com- 
parable standard and the molar ratio to allantoin calculated. 

The following compounds gave no reaction: glucose, fructose, 
creatine, creatinine, hydantoin, guanidine, uracil, guanine, ala- 
nine, acetone, and hippuric, oxalic, diacetic, nicotinic, and citric 
acids. 

Several compounds tended to form brownish colorations under 
the conditions given: xanthine, hypoxanthine, glycerol, pyruvic, 
malic, and tartartic acids, and aldehydes generally. 

A few compounds produced a positive, pink coloration: alloxan, 
alloxantin, glycine, chloral, and lactic and uric acids. Of these 
the only important compound as a factor in disturbing the spec- 


1 We wish to acknowledge our indebtedness to Miss Helen Wentworth 
for the preparation of glyoxylic acid and the comparisons cited. 
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ificity of the method is uric acid. The stoichiometrical ratios 
with allantoin as standard were as follows: uric acid 1:8, alloxan 
1:90, alloxantin 1:234, lactic acid 1:580, glycine 1:890. 

Aldehydes gave some distinctive coloration when the initial 
treatment with alkali was omitted, as in the Schryver technique. 
The following were tried: formaldehyde, acetaldehyde; benzal- 
dehyde, salicylaldehyde, furfuraldehyde, paraldehyde, and metal- 
dehyde. The reaction proceeded better in a medium of ethyl 
alcohol. Only formaldehyde gave a pure pink, the others pro- 
ducing varying shades of orange to green. 

As a check on the above lists a “‘synthetic” urine of pH 7 was 
prepared to simulate dog urine (Hawk and Bergeim, 1937). The 
percentage composition was as follows: urea 3.00, creatine 0.120, 
creatinine 0.120, oxalic acid 0.002, hippuric acid 0.070, uric acid 
0.008, glucose 0.100, allantoin 0.140, NaCl 1.21, KHSO, 0.43, 
NH,Cl 0.22, CaH,(PO,).-H.O 0.44, MgSO, 0.20, H,O to 100 ml. 
This fluid in the presence of all constituents gave a titer of 142 
mg. of allantoin, a result that is practically identical with that 
added. In the absence of uric acid it was 142 mg. In the ab- 
sence of uric acid and glucose the value obtained was 137 mg. 

Accuracy of Method—-A series of determinations by our tech- 
nique on pure solutions of allantoin varying in concentration 
from 1 to 68 mg. per 100 ml. is recorded in Table IV. The limits 
of error may be placed at approximately +5 per cent. The re- 
covery of pure allantoin added to specimens of dog urine, previ- 
ously analyzed, is also shown in Table IV. 

Comparison of Methods—There have been few comparisons of 
the various methods available for the estimation of allantoin in 
urine. Investigators proposing new techniques have frequently 
failed to publish comparisons of their results with those obtain- 
able by other methods. Larson (1931-32) did compare his method 
with the Wiechowski-Handovsky procedure on twelve samples of 
rat urine with variations in agreement from —24.0 to +31.7 per 
cent. Bergami, Baer, and Boeri (1936) have compared the meth- 
ods of Wiechowski-Handovsky, Larson, Fosse-Bossuyt, and Ro 
on rat urine. They draw the conclusion that the modification of 
Ro (1931) of the Fosse and Bossuyt (1929) procedure is to be pre- 
ferred because of rapidity and accuracy. However, they do not 
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publish their quantitative findings by these methods, except in 
one case to show that the Larson method gave results that were 
very high relative to the Fosse procedure. 

A comparison of the values obtainable by our technique and 
the methods of Larson (1931-32) and of Christman (1926) both 
before and after the addition of allantoin has therefore been car- 
ried out on urinary specimens from dogs, cats, and rabbits. The 
results are given in Table V. 


TaBLe IV 
Recovery of Allantoin 


Allantoin 
——— Recovery Remarks 
Initial Added Estimated 
me meg. me per cent 
1.0 0.94 o4 Pure solution 
2.0 1.90 95 7 a 
4.0 3.90 98 ite = 
6.0 5.72 95 - ns 
16.2 16.6 102 
27.0 27.6 102 
36.5 35.8 98 
48.2 47.7 99 
67.6 68.3 101 
41.4 10.2 51.8 102 Dog urine 
62.6 12.9 75.8 102 7 sts 
28.9 15.8 44.5 99 
94.0 104 


72.3 20.8 


From these results it would seem justified to draw the fol- 
lowing conclusions. (1) The Larson method gives values that 
are higher than those by the authors’ procedure. This was found 
for all urines examined except for one in which the values were 
identical. The average result was 33 per cent higher for all 
specimens. In the two samples of cat urine it was, however, only 
12 per cent higher. In seven samples of dog urine it was 22 per 
cent higher. The agreement was poorest for rabbit urine. (2) 
The Christman method gives values that are systematically lower 
than those by the authors’ procedure. They varied from 4 to 55 
per cent, averaging 35 per cent lower for all urines examined. 
There does not appear to be any particular species difference in 
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(3) In the recovery of added allantoin the Larson 


Comparison of Methods in Recovery of Allantoin from Urine 





Experiment No. 





1. Dog 
9 “ec 
3. ei 
—" 


7. Rabbit 


10. “e 


| 


\ 





} 


Method 


Authors 
Larson 
Christman 
Authors 
Larson 
Christman 
Authors 
Larson 


Christman | 


Authors 
Larson 
Christman 
Authors 
Larson 
Christman 
Authors 
Larson 
Christman 
Authors 
Larson 
Christman 
Authors 
Larson 
Christman 
Authors 
Larson 
Authors 
Larson 








135 











166 


TaBLe V 
Allantoin 

Original | Added | Total 

me. mg. | mg. 
393 52.5 | 447 
530 52.5 | 587 
275 52.5 | 324 
273 99.4 | 380 
270 99.4 | 406 
157 99.4 | 237 
161 25.4 | 184 
263 25.4 | 296 
82 25.4 89 
298 53.8 | 352 
348 53.8 | 392 
217 53.8 | 266 
177 30.6 | 205 
200 30.6 | 228 
133 30.6 | 140 
287 31.0 | 316 
318 31.0 | 343 
128 31.0 | 140 
50.5 29.9 | 78.5 
80.0 | 29.9 | 104 
29.4 | 

27.1 | 30.0 | 56.2 
33.5 | 30.0 62.5 
17.8 30.0 34.4 
69.5 | 29.7 | 100 
76.0 | 29.7 | 107 
67.4 29.9 98.2 

29.9 


| 








Recovery 
mg. [ per cent 
54 103 
57 109 
49 93 
107 108 
136 137 
80 81 
23 91 
33 | 130 
7 | 2 
54 101 
44 81 
49 91 
28 | 92 
28 92 
7 23 
29 94 
25 81 
12 39 
28 94 
24 80 
29 97 
29 97 
17 55 
31 102 
31 104 
31 | 102 
31 | 103 





averaged 98.4 per cent, by Larson’s 101.4 per cent, by Christ- 
man’s 62.2 per cent. 

In the Larson procedure the urine is purified by treatment with 
phosphotungstic acid, basic lead acetate, and sulfuric acid prior 
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to the colorimetric estimation on the filtrate. We have applied 
this procedure to four specimens of dog urine and determined the 
allantoin in the filtrate by our technique. Such treatment gave 
results that were lower by about 14 per cent. This may be ex- 
plained in part by the removal of urate and also by possible adsorp- 
tion or occlusion of allantoin in the bulky precipitates obtained. 


SUMMARY 


A method for the colorimetric estimation of allantoin in urine 
has been described, based on the Rimini-Schryver reaction as 
applied to glyoxylic acid. 

Some of the variables in this reaction have been studied and its 
specificity determined as applied to urine. By this method allan- 
toin added to urine and in pure solution is estimated with an error 
of +5 per cent and between 0.02 and 0.4 mg. is required for a deter- 
mination. 

A comparison has been made between the methods of Larson, 
Christman, and the authors on urine from dogs, cats, and rabbits 
both before and after the addition of allantoin. The Larson 
method gave values averaging 33 per cent higher than the authors’ 
procedure; those by the Christman method were 35 per cent lower. 
Kstimation of added allantoin averaged 98.4 per cent by the 
authors’ method, 101.4 per cent by Larson’s method, and 62.2 
per cent by Christman’s method. 


We wish to express our thanks and indebtedness to the Banting 
Research Foundation for financial assistance to one of the authors 
(C. F. C.) during a part of this work. 
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SPECTROPHOTOMETRIC STUDIES 


IX. THE REACTION OF CYANIDE WITH NITROGENOUS DERIVA- 
TIVES OF FERRIPROTOPORPHYRIN* 


By DAVID L. DRABKIN 


(From the Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia) 


(Received for publication, August 5, 1941) 


The purpose of this communication is mainly to call attention 
to a hitherto unrecognized or unappreciated reaction of CN~ with 
nitrogenous derivatives of ferriprotoporphyrin. CN- has been 
found to form a complete combination with nitrogenous deriva- 
tives of ferriprotoporphyrin when added to solutions of the latter 
in concentrations as low as 0.1 mm per liter, equivalent to the con- 
centration of hemin Fe present. This reaction of CN~ with ni- 
trogenous derivatives of ferriprotoporphyrin must be distinguished 
from its reaction with ferri- or ferroprotoporphyrin itself. Earlier 
spectroscopic studies of Drabkin and Austin (3) and Barron (4) 
failed to make this distinction and require clarification. The 
possible relationship of the above reaction of CN~ with nitrog- 
enous derivatives of ferriporphyrin to the inhibition by CN- of 
cellular respiratory catalysis and to cyanide poisoning will be 
discussed. 


Nomenclature 


A new nomenclature for metalloporphyrin derivatives was pro- 
posed by the writer (1), because existing terms, such as cyanide 
hemochromogen, proved inadequate or ambiguous in describing 
the reactions in which the present interest was centered. Clark 
and associates (5) have independently adopted a similar nomen- 


* Preliminary reports upon this work were presented before the meeting 
of the American Society of Biological Chemists at Baltimore, and at the 
Seventh Summer Conference on Spectroscopy, Cambridge, and abstracts 
of the reports have appeared (1, 2). 
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clature. In this nomenclature the various compounds are de- 
scribed as derivatives of ferri- or ferroporphyrin, or more specifi- 
cally, ferri- or ferroprotoporphyrin, when the porphyrin involved 
is protoporphyrin. Thus, the compound variously designated as 
cyanhematin, hematin dicyanide, cyanide parahematin, and oxidized 
cyanide hemochromogen is now described by the term dicyanide 
ferriprotoporphyrin. In the writer’s original proposal (1, 6) the 
compound or group coordinating with the iron porphyrin was 
written as cyano, pyridino, etc. A personal communication from 
Dr. W. M. Clark has suggested, however, that at present such a 
usage is inadvisable.! 


Methods 


For details of spectrophotometric technique, the reader is re- 
ferred to the earlier publications of Drabkin and Austin (3, 8) and 
Drabkin (6). The hemin (ferriprotoporphyrin), from solutions 
of which the various derivatives were prepared, was isolated from 
washed dog erythrocytes by the method of Drabkin and Austin 


1 Shortly after the publication of the preliminary report (1) upon the 
proposed new nomenclature for derivatives of metalloporphyrins, Dr. M. 
L. Anson sent me a note with his own proposal for a new terminology for 
the heme pigments. This new terminology has now been published as a 


brief foot-note to one of Anson’s papers (7). It is as follows: 
Hemo hemochromogen hemoglobin ' 
.pheme, : geM' heme chromogen, 6 ER >hemeglobin 
Hemi! hemichromogen hemiglobin 


In a personal discussion of this question Anson agreed with me that his new 
proposal lacks desirable, general applicability. It is my opinion that An- 
son’s proposal may be criticized also upon other grounds. (1) The intro- 
duction of new generic terms such as hemechromogen and hemeglobin appears 
unnecessary, as well as unusual from a chemical standpoint. According to 
Anson such terms would be useful only in general discussions involving no 
implications as to the state of iron. (2) The use of the prefix hemi, denot- 
ing ferric iron in Anson’s proposal, seems unfortunate, since hemi has al- 
ready an accepted chemical significance, as in, for example, hemiacetal, 
hemiterpene, and hemialbumose. In the above cases hemi denotes one- 
half. Under certain conditions hemoglobin is changed to a molecule with 
one-half the molecular weight of the original. In this instance, the term 
hemiglobin might denote such a change. In Anson’s proposal hemiglobin 
is synonymous with methemoglobin or ferrihemoglobin. This is an indica- 
tion of the type of confusion which may arise from the use of some of the 
new terms which Anson proposes. 
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(3). The iron content of the hemin, determined photometrically 
as ferrous o-phenanthroline by the writer’s recently described pro- 
cedure (9) was 8.41 per cent (theory, 8.57 per cent). 

The values of « (¢ = 1 mm per liter, d = 1 ecm.) are reported 
upon an iron basis, | mm = | mm of Fe. The pH of most of the 
solutions upon which spectrophotometry was performed was 
determined by means of a glass electrode. The concentration of 
cyanide solutions, prepared by the solution of KCN in water, 
was determined both by titration with standard AgNO; and by 
titrating methemoglobin solutions with the CN~-, the latter 
reaction being followed spectrophotometrically. Both proce- 
dures yielded the same results. Details pertaining to the make-up 
of individual solutions reported appear in the legends accom- 
panying the figures. 


Results 


Fig. 1 presents typical spectrophotometric data obtained in the 
reaction of CN~ with ferri- and ferroprotoporphyrin in alkaline 
solution, when different amounts of CN~ (see legend) were added 
to the hemin solutions. Spectrum Curves 1 and 3 represent 
respectively the partial and complete change of ferriprotoporphy- 
rin to its dicyanide derivative (10). The spectrum of dicyanide 
ferriprotoporphyrin (Curve 3), is very similar both qualitatively 
and quantitatively to the spectrum of cyanmethemoglobin (8) 
and to the spectra (exemplified by Curve 3, Fig. 2) of the new cya- 
nide derivative of nitrogenous compounds of ferriprotoporphyrin. : 
In the presence of the reductant, NagS.O,4, spectrum Curves 2 and 
4 were obtained respectively from the solutions which had yielded 
Curves | and 3. Curves 2 and 4 correspond to the qualitative 
description of spectra given by Anson and Mirsky in their discov- 
ery of a stepwise reaction of CN~ with ferroprotoporphyrin (11). 
Spectrum Curves A, 1, and 3 do not lend themselves to analysis 
on the basis of the simultaneous addition of 2CN~ to ferriproto- 
porphyrin, as expected from Hogness, Zscheile, Sidwell, and Bar- 
ron’s careful study of this reaction (10). The present data sug- 
gest that stepwise addition of CN~ may occur with oxidized as 
well as reduced hemin, and call for further investigation. 

The reactions of CN~ with ferri- and ferroprotoporphyrin, de- 
scribed above, differ strikingly from the reaction of CN~ with 
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Fig. 1. Reactions of hemin (ferriprotoporphyrin) in alkaline solution 
with CN~. Curve A, absorption spectrum of ferriprotoporphyrin in al- 
kaline solution. The curve is based upon averages of several solutions, 
with hemin Fe concentration of 0.1 to 0.2 mm per liter and with pH varying 
from 9.9 to 12.2; there is but a negligible difference in spectrum in this 
range of pH. Curve 1, absorption spectrum of hemin plus a small amount 
of CN-. Hemin Fe concentration, 0.0992 mm per liter; NaOH concentra- 
tion, 0.00085 m; KCN concentration, 1.8 mm per liter; pH 10.92. Curve 2, 
absorption spectrum produced by the addition of Na.S,O, (final concentra- 
tion of reducing agent 0.575 mm per liter) to the solution represented by 
, Curve 1. Curve 3, absorption spectrum of dicyanide ferriprotoporphyrin 
(10), obtained by the addition of large amounts of CN~ to hemin in alkaline 
solution. Hemin Fe concentration, 0.1984 mm per liter; NaOH concentra- 
tion, 0.00169 m; KCN concentration, 1080 mm per liter; pH 11.34. Essen- 
tially the same spectrum was obtained with hemin Fe concentration 0.0992 
mo per liter, NaOH concentration 0.00085 m, KCN concentration 6.0 mm 
per liter. Curve 4, absorption spectrum of dicyanide ferroprotoporphyrin 
(11), produced by the addition of Na,S8.O, (final concentration of reducing 
agent 0.575 mm per liter) to the solutions represented by Curve 3. The 
same spectrum was produced by adding to the solution represented by 
Curve 2 as little as 1.4 mm per liter of additional KCN, bringing the total 
KCN concentration to 3.2 mm per liter. 


pyridine ferriprotoporphyrin, presented in Fig. 2. Upon the 
addition of 1 equivalent of CN~ per hemin Fe in solutions of 
pyridine ferriprotoporphyrin, a new cyanide derivative was 
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Fic. 2. Reactions of hemin (ferriprotoporphyrin) in alkaline solution 
with pyridine, and the reaction of the resulting nitrogenous derivatives 
with CN~. Curve 1, the absorption spectrum of pyridine ferriprotopor- 
phyrin. Hemin Fe concentration, 0.0992 mm per liter; NaOH concentra- 
tion, 0.00085 m; pyridine concentration, 6330 ma per liter; pH 11.03. Curve 
2, the absorption spectrum of pyridine ferroprotoporphyrin; the solution 
represented by Curve 1 with Na.S.O, added (final concentration of reducing 
agent 1.2 mm per liter). Curve 3, the absorption spectrum of the mono- 
cyanide derivative of pyridine ferriprotoporphyrin, produced from pyridine 
ferriprotoporphyrin by addition of 1 equivalent of CN~ per hemin Fe in 
solution. Hemin Fe concentration, 0.0992 mm per liter; NaOH concentra- 
tion, 0.00085 m; pyridine concentration, 5060 mm per liter; KCN concentra- 
tion, 0.1 mm per liter; pH 10.95. Curve 4, conversion of the cyanide pyri- 
dine ferriprotoporphyrin to a derivative with the spectrum of pyridine 
ferroprotoporphyrin by means of NaS,0Q,. Hemin Fe concentration, 
0.0992 mm per liter; NaOH concentration, 0.00085 m; pyridine concentra- 
tion, 4200 mm per liter; KCN concentration, 6.4 mm per liter (a 60-fold 
excess in comparison with the solution represented by Curve 3). To this 
solution, yielding the typical spectrum shown in Curve 3, NaoS.0O, was 
added (final concentration of reducing agent 2.4 mm per liter). 
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produced, whose spectrum was typified by Curve 3, Fig. 2. It 
was established that complete reaction had occurred, under our 
conditions, with a ratio of CN~ to hemin Fe of 0.1 to 0.1 mM per 
liter. The addition of further small amounts of KCN, bringing 
the concentration of CN~ to approximately 10 mM per liter, pro- 
duced no further alteration in spectrum. Analogous reactions 
with CN~, which will not be presented here, were obtained with 
other nitrogenous derivatives of ferriprotoporphyrin and with so 
called oxidized globin hemochromogen. In the latter case, how- 
ever, larger amounts of CN~ were required for complete reaction; 
namely, 6 equivalents of CN~ per equivalent of Fe. The follow- 
ing points may be stressed concerning this apparently general 
reaction of CN~ with nitrogenous derivatives of ferriprotopor- 
phyrin: (1) The spectra of the CN~ derivatives are similar to 
each other as well as similar to the spectrum of cyanmethemo- 
globin (8) and to the spectrum of dicyanide ferriprotoporphyrin 
(Curve 3, Fig. 1). (2) The conditions under which these CN- 
derivatives were obtained are unusual. Forexample, Curve 3, Fig. 2, 
was obtained with a hemin Fe concentration of 0.1 mM per liter, and 
a ratio of CN~ to pyridine of 0.1 to 5000 mm per liter. Thus, in 
such mixed nitrogenous derivatives of ferriprotoporphyrin only 
minute concentrations of CN~ are necessary to form a tight com- 
bination in the presence of very large concentrations of other 
coordinating N compounds such as pyridine. Since only | 
equivalent of CN~ per hemin Fe was needed for complete reaction 
with the nitrogenous derivatives of ferriprotoporphyrin, it is 
deduced that a monocyanide derivative must have been produced. 
(3) The new monocyanide derivatives bear strong analogies to 
cyanmethemoglobin. The latter is formed from methemoglobin 
by the addition of 1 equivalent of CN~ per equivalent of Fe pres- 


2 With reference to reaction with CN~ the behavior of the naturally 
occurring hemochromogen, cytochrome c, appeared to be exceptional. 
The addition of large amounts of CN~ (600 mm™ per 0.1 m™ of eytochrome 
iron) to solutions of oxidized cytochrome c, at pH 5.0 to 8.0, failed to pro- 
duce any change in spectrum. This finding is in agreement with the recent 
report of Theorell and Akesson (12), who have found, however, that a eya- 
nide ferricytochrome c complex, spectroscopically similar to cyvanmethemo- 
globin, may be produced, but only in strongly alkaline solutions of pH ‘“‘not 
lower than 13.” 




















D. L. Drabkin 861 


ent. The analogy is supported further by the effect of the reduc- 
ing agent, NasS.Q,, in the two cases. With the loss of CN- 
upon reduction, cyanmethemoglobin yields reduced hemoglobin 
(8). With the loss of CN~ upon reduction, the monocyanide 
derivatives of oxidized hemochromogens yield the corresponding 
reduced hemochromogens. This is the interpretation of Curve 4 


in Fig. 2. 


DISCUSSION 

The general reaction of CN~ in very low concentration with 
oxidized hemochromogens, forming tight monocyanide derivatives 
of the latter, may be of interest from the standpoint of the mech- 
anism of cyanide poisoning. Nitrogenous derivatives of ferri- 
protoporphyrin may be looked upon as prototypes of naturally 
occurring enzymes such as cytochrome oxidase. Cellular respira- 
tion involving the cytochrome system is inhibited by very low 
concentrations of cyanide (13). The very high affinity of CN~ for 
ferrihemochromogens suggests strongly that the inhibition of 
cellular respiration by cyanide may be accomplished through an 
analogous type of reaction. 


SUMMARY 


Spectrophotometric data are presented in support of the finding 
of a general reaction of CN~ with nitrogenous derivatives of ferri- 
protoporphyrin. In this reaction, as exemplified by the reaction 
of CN~ with pyridine ferriprotoporphyrin, 1 equivalent of CN- 
per hemin Fe is sufficient to form a spectroscopically characteristic 
monocvanide derivative. The reaction is considered of interest 
from the standpoint of the mechanism of cyanide poisoning. 

The monocyanide derivatives of oxidized hemochromogens 
appear to be analogues of cyanmethemoglobin. The spectro- 
scopic data suggest that upon the addition of Na S.O, to solutions 
of the monocyanide derivatives the corresponding reduced hemo- 
chromogens are obtained. 

The spectra of the above monocyanide derivatives are also 
very similar to the spectrum of dicyanide ferriprotoporphyrin. 
The dicyanide derivative is obtained from hemin in the presence 
of large amounts of cyanide. It is distinguishable spectro- 
scopically from the monocyanide derivatives by the fact that, 











862 Cyanide Hemochromogens 


upon reduction, it yields so called reduced cyanide hemochromo- 
gen, or dicyanide ferroprotoporphyrin, which has a very charac- 
teristic spectrum. 
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THE ACTION OF INTESTINAL NUCLEOPHOSPHATASE 
ON TOBACCO MOSAIC VIRUS 


By SEYMOUR 8S. COHEN* anv W. M. STANLEY 


(From the Department of Animal and Plant Pathology of The Rockefeller 
Institute for Medical Research, Princeton) 


(Received for publication, December 11, 1941) 


Tobacco mosaic virus is a nucleoprotein having a molecular 
weight of approximately 5 X 107 (1). The nucleic acid, which 
comprises slightly more than 5 per cent of the virus, is of the 
ribose type (2) and is bound to virus protein in a mode of linkage 
as yet unknown. Investigation of tobacco mosaic virus structure 
by means of x-ray analysis (3) and electron microscopy (4) has 
not indicated a concentration of the comparatively dense nucleic 
acid in any particular part of the nucleoprotein molecule. The 
nucleic acid may therefore be uniformly distributed in the virus 
molecule. The many methods which have been devised to remove 
nucleic acid from virus protein are, in general, methods which 
result in loss of virus activity and disruption of the virus particle 
into much smaller protein fragments. These denaturation 
procedures include treatment with urea (5), alkali (6), acid (7), 
pressure (8), and heat in the presence of detergents.' Heat 
treatment in the presence of buffer results in the denaturation of 
the protein and liberation of the nucleic acid (7). 

Of considerable interest, therefore, is a recent paper by Schramm 
(9) that deals with the action on tobacco mosaic virus of an 
intestinal nucleophosphatase preparation, first described by 
Klein (10). Certain experimental data obtained by use of this 
enzyme under conditions suggested by Bredereck and Miiller (11) 
were interpreted by Schramm as indicating that the nucleic acid 
is completely removed from the nucleoprotein, leaving a protein 
whose size, homogeneity in the ultracentrifuge, and electrophoretic 


* Fellow in the Medical Sciences of the National Research Council. 
1 Cohen, 8. 8., unpublished data, 
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mobility are the same as those of the original virus. The impor- 
tance of this conclusion with respect to questions of virus and 
protein structure, as well as its uniqueness as compared to the 
results of other methods of investigation, required that an attempt 
be made to confirm this work. 

The results obtained in the present investigation indicate that, 
under conditions approximating those described by Schramm, in- 
testinal nucleophosphatase failed to remove nucleic acid from 
the virus. The activity of our enzyme preparation was established 
by its ability to hydrolyze both yeast and virus nucleic acid. An 
exact duplication of the experiments was made very difficult by 
the fact that the pH range stated to be necessary for the activity 
of the enzyme could not be attained under the conditions described. 
However, this pH range was achieved in other experiments. In 
addition, many variations of different parts of the experimental 
procedure, such as pH, time, age of virus preparation, etc., were 
made in attempts to secure conditions which might lead to the 
results described by Schramm. However, in no instance did 
exposure to the enzyme result in inactivation of the virus and 
separation of the nucleic acid. 


EXPERIMENTAL 


Preparation of Enzyme—Approximately 1 yard of intestine, 
immediately following the stomach, was removed from each of 
twenty freshly slaughtered calves. The intestines were cleansed 
with tap water and the intestinal mucosa scraped with a spatula. 
925 cc. of 87 per cent glycerol were added to 186 gm. of mucosal 
brei and the mixture was shaken for 2 days at room temperature. 
12 cc. of toluene were added and the enzyme preparation was 
stored at 4°. This procedure conforms in every detail to the 
modification of Klein’s method as described by Schramm. 

Activity of Enzyme on Yeast Nucleic Acid—It was considered 
necessary initially to establish the activity of the enzyme prepara- 
tion towards a substrate described by Klein. Accordingly, the 
enzyme was tested on yeast nucleic acid (Merck) at three different 
hydrogen ion concentrations. The yeast nucleic acid was dis- 
solved in 0.1 N NaOH to give a pH of 7.0 and the solution was 
filtered and used without further purification. The solution 
contained 1.70 mg. of P per cc. To 10.0 cc. of this substrate 
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were added 0.2 cc. of toluene, 2.7 cc. of 0.5 N veronal buffer of the 
desired pH, and 2.0 ce. of the enzyme solution. In the control 
experiments, water replaced the enzyme solution. The mixtures 
were incubated at 37° for 72 hours. At the start and at the end 
of the incubation period, 2.0 cc. samples were removed for pH 
determinations. These were measured by means of a glass elec- 
trode and the results are recorded in Table I. 

To 10 cc. of each reaction mixture, 15.0 ec. of 10 per cent 
trichloroacetic acid were added at room temperature, and the 
mixture was kept at 4° for 1} hours. The solution was filtered, 
and 0.5 ec. of 95 per cent alcohol were added to 9.5 ee. of filtrate. 
The mixture was kept at 4° for 24 hours. The supernatant liquid 


TABLE [ 


Hydrolysis of Yeast Nucleic Acid (YNA) by Nucleophosphatase at Different 
Hydrogen Ion Concentrations 














| Total f 
Preparation pH at start pH at end | Free P _Pimreace gant of 
- on. per cc. me. per cent 
ee RAM yl, 6.9 | 0.46 | 17.8 100 
Control . .. ew 7.2 | 0.19 | 7.4 
YNA bc enee ; 8.0 7.7 | 0.45 | 17.5 100 
SES ove in wlacbbe sas 8.0 8.1 0.17 6.6 
. on 9.0 | 8.1 | 0.46 | 17.8 100 
Control. .... se] 90 | 88 | 0.20 | 7.8 


obtained after centrifugation at 3000 r.p.m. for 15 minutes was 
examined for phosphorus by the King method (12). The results 
of these analyses are given in the fourth column of TableI. By the 
same method of analysis, 2 ec. of enzyme alone yielded 0.54 mg. 
of P and 10 cc. of the solution of yeast nucleic acid yielded 6.61 
mg. of P. These figures correspond to the total of free and soluble 
phosphorus of the preparations under the conditions of the analyti- 
cal method. From Table I, which summarizes the results, it can 
be seen that very little additional free phosphorus appeared in 
the control experiments, while all the phosphorus appeared in the 
free form in the system containing the enzyme. The experiments 
show that the enzyme preparation completely hydrolyzed yeast 
nucleic acid over the pH range of 7 to 9. 
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Activity of Enzyme on Virus Nucleic Acid—The preparation of 
virus nucleic acid used in the present studies was isolated by Dr. 
H. 8. Loring by means of alkaline denaturation of tobacco mosaic 
virus (2) and was subsequently purified by dialysis. We have 
subjected this preparation of virus nucleic acid to ultracentrifuga- 
tion, diffusion, and electrophoresis studies and found it to be quite 
homogeneous with a molecular weight of 11,000.!_ A description 
of these experiments will be published later in greater detail. A 
sample of this material was incubated with enzyme at pH 7.5 in 
0.1 M veronal buffer for 96 hours. The experiment was carried out 
in the manner described previously for yeast nucleic acid. The 
results indicated a 96 per cent hydrolysis of this material by the 
enzyme preparation. 

Action of Enzyme on Tobacco Mosaic Virus—The enzyme prep- 
aration was next tested on tobacco mosaic virus (TMV) under 
conditions exactly comparable to those described for the yeast 
nucleic acid. The virus solution was prepared from virus freshly 
isolated by differential centrifugation and contained 18.9 mg. 
per cc. 

At the start and at the end of the incubation period, samples 
were removed for determination of pH. The solution was centri- 
fuged for 20 minutes in an angle centrifuge at 3000 r.p.m. The 
slightly turbid supernatant fluid was decanted, and 10.0 cc. of this 
solution were sedimented in the quantity ultracentrifuge. This 
procedure was undertaken to recover all substances having a size 
comparable to that of tobacco mosaic virus, since the method of 
analysis for bound phosphorus described by Schramm was con- 
sidered to be unsatisfactory.2. The pellet obtained on ultracentrif- 
ugation was dissolved in water and the volume of the solution 
was adjusted to 10.0 cc. The solution was dialyzed overnight at 
4° against distilled water and centrifuged at 3000 r.p.m. for 15 
minutes. The supernatant liquid was used for determinations of 


2 It was found on attempting to use Schramm’s procedure that the addi- 
tion at room temperature (22°) of 30 per cent trichloroacetic acid to twice 
the volume of virus solution caused a liberation of 20 per cent of the phos- 
phorus present in enzyme-treated and untreated virus preparations. The 
elevation of the temperature to 100° after addition of the trichloroacetic 
acid caused practically quantitative removal of the phosphorus from both 
types of protein preparations. 
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nitrogen, phosphorus, and biological activity. Nitrogen was 
determined by the Kjeldahl method. This value multiplied by 
the factor 6.25 was used to estimate the protein content of the 
preparation. 

Biological activity was determined by the half leaf method (13) 
on Phaseolus vulgaris L., and a minimum of thirty-one leaves was 
used in each test. The enzyme-treated virus was compared to 
virus undergoing the control experiment. The virus concentra- 
tions used were approximately 2 X 10~-° gm. per ce. 

The results, which are summarized in Table II, clearly show 
that, following exposure of tobacco mosaic virus to the nucleo- 














TABLE II 
Action of Nucleophosphatase on Tobacco Mosaic Virus (TMV) in Buffered 
Systems 
: | " 
Preparation pH at start’ pH at end at, | Bound P Virus P | only 
=e == a ee 
| per cent | mg. per cc. percent | percent 
TMV. iar 7.0 7.3 89 0.067 0.58 | 117 
Control 7.0 6.9 | 96 | 0.071 | 0.58 
TMV 8.0 7.9 | 9 | 0.061 | 0.50 97 
Control 8.0 7.9 | 98 | 0.064 | 0.54 
mW 8s cee 9.0 8.5 81 0.055 | 0.53 76 
Control*. 9.0 | 8.7 | 66 | 0.046 0.54 





* The fact that tobacco mosaic virus is unstable in the vicinity of pH 9 
probably accounts for the low yields and decreased activity of the nucleo- 
protein recovered after incubation at that pH. 


phosphatase, practically all of the virus may be recovered and that 
the virus so recovered possesses the normal activity and phosphorus 
content. The experiments demonstrate that the virus is unaf- 
fected by conditions known to bring about the hydrolysis of free 
nucleic acid. It may be noted that ribonuclease brings about the 
hydrolysis of free virus nucleic acid but, although causing the 
reversible inactivation of tobacco mosaic virus, has no effect on 
the nucleic acid when bound to protein in the form of virus (14). 

Activity of Enzyme on Tobacco Mosaic Virus in System without 
Added Buffer—In view of the results described above, it appeared 
desirable to repeat the experiments in the absence of added buffer 
in an attempt to approximate more nearly the conditions described 
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by Schramm. ‘Two different virus preparations were used in these 
experiments. One containing 17.31 mg. per cc. was obtained by 
differential centrifugation; the second, containing 11.05 mg. per 
cc., was considerably older and had been purified by both (N H,),- 
SO, precipitation and differential centrifugation. The former, 
designated as TMV, was found to contain 0.49 per cent phosphorus, 
and the latter, designated as TMV-A, was found to contain 0.50 
per cent phosphorus. 

A series of four tubes was set up with each virus prepara- 
tion. To 15.0 cc. of virus solution were added 2.0 cc. of the 
enzyme solution, 0.2 cc. of toluene, 4 drops of 0.1 per cent phenol- 
phthalein, and sufficient 0.2 Nn NaOH (between 0.2 and 0.3 ec.) to 
bring the system to the phenolphthalein end-point. In some 
cases the end-points were deliberately exceeded in the hope that 
some variation in pH might be sufficient to produce the effects 
claimed by Schramm. However, the actual pH of all tubes was 
determined by means of a glass electrode before incubation for 72 
hours at 37°, and one tube from each series was used to follow the 
hydrogen ion concentration of the system during the incubation 
period. After incubation the solutions were titrated with 0.02 n 
NaQOH back to the phenolphthalein end-point. Within the period 
of incubation, the pH of the solutions apparently dropped from 
about 8.9 to about 8.3, since actual determinations by means of a 
glass electrode showed that TMV-1 dropped from pH 8.95 to 8.31 
and TMV-A-3 from pH 8.89 to 8.32. Under these conditions, 
according to Schramm, the pH of the system should have fallen 
to between pH 7 and 8. 

At the conclusion of the titration, all material possessing a size 
comparable to that of tobacco mosaic virus was isolated as de- 
scribed in the preceding experiment and analyzed for nitrogen and 
phosphorus. The results, summarized in Table III, clearly show 
that nucleic acid was not removed in significant amounts from 
either fresh or old virus nucleoprotein. 

Four additional experiments carried out under the same condi- 
tions just described, except that an incubation period of 144 hours 
was used, showed substantially the same results. The percentage 
of phosphorus in the recovered sedimentable material was 0.54 
for TMV and 0.50 for TMV-A. 

Since under the conditions described by Schramm the pH range 
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of the reaction mixtures in the experiments described above ap- 
parently did not reach that which had been used by Bredereck 
and Miiller, i.e. pH 7 to 8, a further test of enzymatic activity was 
made in the pH range 7.3 to 7.5 in the absence of added buffer. 
Two groups consisting of two tubes each were set up with TMV 
(18.9 mg. per ec.) and TMV-A (11.05 mg. per ec.). To 10.0 ce. 


TABLE III 


Activity of Nucleophosphatase on Tobacco Mosaic Virus over pH Range 8 to 9 
in n Absence of « Added em 


Amount of 











Preparation pH at start 0.02 pew my pH at end | Virus Bound P | Virus P 
7 "ae per a “, per ce. pais 
TMV-2 8.9 2.30 9.1 76 0.054 | 0.48 
3 8.9 1.95 9.0 81 0.055 | 0.46 
4 8.9 1.30 8.8 83 0.055 | 0.45 
TMV-A-1 8.8 1.40 8.8 73 0.030 0.43 
2 8.8 1.55 8.8 72 0.029 0.42 
4 9.2 1.05 8.7 61 | 0.025 | 0.48 
TaBLe IV 
Activity of eae on Tobacco Mosaic Vv irus at pH 7.5 
: | | | Am 7 of | Virus | : 
Preparation | pH at start o.ax NaOH pH at end | recovered | Bound P | Virus P 
} eras a - per cont | me. per et. per cent 
TMV-1 7.50 | 0.20 | 7.36 | 75 | 0.047 | 0.46 
2 | 0.30 | 81 | 0.061 | 0.46 
TMV-A-1 7.50 | 0.35 7.30 69 0.022 | 0.55 
2 , 0 


.68 64 0.036 | 0.53 


of substrate were added 2.0 cc. of enzyme, 0.2 cc. of toluene, and 
3 drops of 0.1 per cent brom-thymol blue. The mixture was then 
adjusted to the blue-green end-point with measured small amounts 
of 0.2 Nn HCl. A portion of one tube of each group was used to 
follow the pH variation of the system. The mixtures were in- 
cubated for 72 hours at 37°. 

At the conclusion of the incubation period, sedimentable ma- 
terial was isolated and analyzed as described previously. The 
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results, summarized in Table IV, again demonstrate that the 
enzyme failed to remove nucleic acid from the virus nucleoprotein 
in the pH_ range of 7 to 8. 


SUMMARY 


An enzyme preparation obtained from the intestinal mucosa of 
calves by the modification of Klein’s method as described by 
Schramm has been found to hydrolyze yeast and virus nucleic acid. 
However, the enzyme was found to have no effect on tobacco 
mosaic virus, since, following incubation with the enzyme under a 
variety of conditions, virus possessing the normal infectivity and 
phosphorus content was always recovered in good yields. The 
report of Schramm that the enzyme effects the complete removal 
of nucleic acid from the virus and yields an inactive phosphorus- 
free protein which is the same as the intact virus with respect to 
size, homogeneity in the ultracentrifuge, and electrophoretic 
mobility has not been confirmed. 
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CARBON SUBOXIDE AND PROTEINS 
V. FURTHER STUDY OF THE NATURE OF THE REACTION* 


By ANN H. TRACY anv WILLIAM F. ROSS 
(From the Chemical Laboratory of Radcliffe College, Cambridge) 


(Received for publication, November 4, 1941) 


It has been shown that carbon suboxide, C302, reacts with the 
amino and phenolic hydroxyl groups within proteins to give 
malonyl derivatives in which the radical, —CO-CH,-COOH, is 
introduced at reactive positions (1), and also “polymerized” 
forms in which the original protein molecules are coupled by 

CO-CH,:-CO— bridges (2). Before we pursued the original 
objective of determining the effect of the introduction of such 
malonyl groups upon the activity of proteins in enzymic and im- 
munological reactions, it was necessary to investigate further the 
conditions for completely covering free amino and phenolic groups, 
the relative reactivity of these two types with C,;O2, and the 
stability of the resulting linkages. These studies are now de- 
scribed. We have been inclined to neglect the possibilities of 
reaction with sulfydryl, imino, and carboxyl groups, feeling that 
these play a relatively minor réle in the over-all reaction. 

Data for the addition of C3O02 to solutions of crystalline car- 
bohydrate-free serum albumin are presented in Table I. Of the 
original amino nitrogen, 90 to 96 per cent is covered after the 
addition of 3 times the amount of reagent equivalent to the total 
reacting groups of the protein. In view of the fact that the Van 
Slyke volumetric procedure (Koch modification) does not give very 
significant figures when such small quantities of amino nitrogen 
are involved, this could be interpreted as indicating practically 
complete reaction. It will be observed that these final values are 
considerably lower than those of the earlier work (1). There 
appears to be a small amount of ammonia intimately associated 


* Supported by a grant from the Rockefeller Foundation. 
871 

















872 Carbon Suboxide and Proteins. V 


with the protein, which is not removed unless dialysis against 
running water is adopted. The preparations here reported were 
dialyzed several days against running water, whereas dialysis 
against successive changes of distilled water was formerly 
employed. 


TABLE | 
Malonyl Serum Albumin Preparations 
Carbohydrate-free crystalline horse serum albumin of MeMeekin (3); 
pH of all experiments 7.5. 


Experiment No. CSA6 | CSA-7 | CSA9 | CSA-10 | CSA 
—_— 


Original amino N per gm. | 





atom N, mole 0.080 | 0.080 0.080 0.087 0.081 
Tyrosine content (4, 5) per | 

gm. atom N, mole... 0.023 | 0.023 | 0.023 0.023 | 0.023 
Sum of reactive groups per 

gm. atom N, mole 0.103 | 0.103) 0.103 0.110) 0.104 
C,0, added per mole of reac- 

tive groups, moles 3.2 4.6 8.0 3.0 5.2 
C,0, added per gm. atom N, 

mole ; 0.33 0.47 0.82 0.33 0.54 
Total combined malonyl per 

gm. atom N, mole 0.080 | 0.099 | 0.087 0.103 
Ratio, final amino to total N 0.008 | 0.004 0.009 0.007. 0.008 
Amino N; blocked, per cent 0 96 93 92 91, 
O-Tyrosyl-combined malonyl 

per gm. atom N, mole 0.014* 0.020t 0.018t 0.019 
Phenolic hydroxyl blocked, 

per cent 60* 88t 79t 84t 


* After 8 days at 2°. 
t After 2 hours at 0°. 
t After 18 hours dialysis. 


Estimations of the extent of reaction with tyrosine were, 
however, quite erratic until it was appreciated that the phenolic 
ester linkage of malonic acid was labile in aqueous protein solu- 
tion, undergoing a gradual hydrolysis. For these determinations, 
the procedures developed by Herriott (6), who employed Folin’s 
phenol reagent, were found satisfactory. The pH 8 method gives 
the amount of free phenolic hydroxyl plus tryptophane in the 
malonylated protein, the pH 11 method the total content, the 
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difference representing the malonyl-bound tyrosine of the original 
protein. The average of fifteen determinations made by the pH 
11 method on malonyl protein, 0.186 + 0.002 mg. of tyrosine- 
tryptophane per mg. of nitrogen, agreed with the figure for un- 
treated protein. This value equals 59 per cent of the sum of the 
best available figures for the tyrosine-tryptophane content of 
crystalline horse serum albumin, corroborating the figure reported 
by Herriott. This incomplete color development of tyrosine 
bound in protein is paralleled by a similar behavior of synthetic 
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Fig. 1. Hydrolysis of O-malonyl group in aqueous solutions of malonyl 
horse serum albumin at 2° and pH 5.1. No buffer present. 


tyrosine derivatives, which will be considered later in this paper. 
All figures for protein tyrosine have been corrected by this factor 
in order to give true values for the amino acid. 

If malonyltyrosine was determined within 2 hours after treat- 
ment of the protein with C3Qz, the solutions having been kept on 
ice meanwhile, almost 90 per cent of the total tyrosine was found 
to be covered. However, if salt-free solutions of the malonyl 
albumin of pH 5.2 were stored in the cold, rapid hydrolysis oc- 
curred and proceeded as shown in Fig. 1 where the analytical 
data for four preparations are assembled. After 9 to 12 months, 
a point was reached at which only 3 to 5 per cent of the tyrosine 
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was covered. Hydrolysis at 37° and pH 8.2 is much more rapid, 
being effectively complete in 2 days. 

Carbon suboxide is unlike ketene in that at reactions between 
pH 7 and 8 it combines with both amino and phenolic groups at 
approximately the same rate. A solution of serum albumin 
was treated with an excess of C;Q2, aliquots being removed at 
different stages during the addition to determine the extent of 
reaction with amino and phenolic groups. ‘The results, plotted 
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Fic. 2. Reactivities of CsO. and ketene with the amino and tyrosine 
phenolic groups of serum albumin at 0°; pH of C,O. experiments 7 to 8, 
that of ketene 6.5 to 7.5. The time required for the addition of 3.0 equiva- 
lents of C,O, was 15 minutes; for 4.9 equivalents of ketene, 25 minutes. In 
calculation of the number of equivalents of reagent from the amount of base 
required to keep the pH constant, C,O. was considered to react with the pro- 
tein through only one of its functional groups. 


in Fig. 2, are the basis for the above conclusion. In Fig. 2 we 
have used the experimental values for the per cent of total 
tyrosine and tryptophane actually covered by the reagent. Since 
these analyses were performed on samples which had been dialyzed 
for 18 hours to remove free malonic acid, the orginal combined 
malonic content should be several per cent higher (cf. Fig. 1). 
This factor and the further point that tyrosine makes up only 90 
per cent of the amino acids, tyrosine and tryptophane, that react 
with the phenol reagent, lead us to conclude that the reaction 
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with phenolic groups is really complete when the curve levels off 
at 80 per cent. 

A similar experiment with ketene indicates that it reacts much 
more readily with amino groups than with phenolic, but that the 
reaction of the latter approaches completion as excess reagent is 


TaBLeE II 
Phenol Tests of Synthetic Tyrosine Derivatives 


Color tests were made by the methods of Herriott (4). The standard 
contained 0.30 mg. of tyrosine per ml. and concentrations of derivatives 
were chosen so that the equivalent of 0.30 mg. of tyrosine per ml. would be 
present. 





| nen oo 
Tyrosine calculated Per cent of 


from color value theoretical 











Material ns ag solution (2°) a | naka | pH 8 | pH il 
P P | meth- | meth- 
- HE Poses bsasival 2 2 
“— | days me. mg. | 
N-Chloroacetyltyrosine 0.426 | Fresh | 0.243 | 0.249 | 81 | 83 
N-Carbobenzoxytyrosine | 0.523 }  « 0.238 | 0.234 | 79 78 
N-Carbobenzoxy - O -ace- | 0.596 " +0 0.229 | +0 | 76 
tyltyrosine | 
Di - N - carbobenzoxy- | 0.580 | 0* 0.123 | 0.223 | 41 74 
tyrosyl malonate, Sam- 10* 0.133 | 0.223 | 44 | 74 
ple B 10 (25°)* 0.207 | 0.221 69) 74 
Tyrosine ) 0.299 
+ , Fresh 0.296 0.295; 99 99 
Malonie acid) 0.086 
Tyrosine 0.299 
+ , " 0.300 0.288 | 100 | 96 
Malonyldiglycine| 0.180 
N-Carbobenzoxy -l-tyro- | 0.617 ats 0.262 0.262 87) 87 


sylglycine 


* These solutions were prepared in 0.05 m phosphate buffer of pH 7.3 
and were studied in this medium. 


added. This confirms the results of earlier investigators using 
ketene (7, 8). 

It was earlier mentioned that tyrosine and tryptophane bound in 
native proteins develop with the phenol reagent only 59 per cent 
of the color resulting when the test is made on a hydrolysate of the 
same protein. This suggests that the phenolic group does not 
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react so completely when the tyrosine of which it is a part is 
coupled in peptide formation. This idea has been tested with the 
N-substituted tyrosine derivatives shown in Table II, where it is 
seen that only 74 to 83 per cent of the theoretical color is developed. 
It was thought that N-carbobenzoxy-l-tyrosylglycine, having 
both the a-amino and carboxyl groups of tyrosine combined in 
peptide formation, might behave more like protein-bound tyrosine 
with the phenol reagent. It developed, however, 87 per cent of 
the theoretical color value, somewhat more than the N-substituted 
compounds. In general, then, substitution diminishes the inten- 
sity of the color developed by tyrosine with the phenol reagent, 
but this decrease cannot be correlated quantitatively with the 
number of substituent groups. 

A sample of di-(N-carbobenzoxytyrosy!) malonate, prepared 
as earlier described (9), behaves like the other N-substituted 
tyrosine derivatives with the pH 11 method, giving 74 per cent 
of the theoretical color. With the pH 8 method, however, it 
gives an initial value of 41 per cent. We have not been able to 
obtain this compound in a satisfactory state of purity; on recrys- 
tallization it appears to undergo decomposition, possibly hydroly- 
sis, with a shift in melting point, values ranging from 135-175° 
having been observed. 


EXPERIMENTAL 


The methods for adding C;O0, to proteins and for determining 
combined malonic acid are generally the same as already de- 
scribed (1). The use of C302 has, however, been greatly simplified 
by subjecting the crude material to several fractional distillations 
in vacuo. The purified material is stable over hydroquinone in 
the cold and may be stored in sealed glass tubes for several months 
without undergoing appreciable polymerization. The same tech- 
nique was employed in the experiments with ketene. 

Phenol Tests on Synthetic Tyrosine Derivatives. 1-Tyrosine— 
As standards we have used two different samples from Hoffmann- 
La Roche, Nutley, New Jersey, and one, analytically pure, from 
Amino Acid Manufactures, Los Angeles. The last had earlier 
been found to be pure by ultraviolet spectroscopic examination. 

N-Chloroacetyl-l-tyrosine—Hoffmann-La Roche; m.p. 152.5- 
153.5°. 

















A. H. Tracy and W. F. Ross 877 


N-Carbobenzozy-l-tyrosine—Synthesis according to Bergmann 
and Zervas (10); m.p. 99-100°. 

N-Carbobenzoxy-O-acetyl-l-tyrosine—From Mr. A. E. Barkdoll; 
according to Bergmann et al, (11); m.p. 120—122°. 

Di-(N-carbobenzozy-l-tyrosyl) Malonate—Synthesis according to 
Ross and Green (9). The observed melting points for two 
preparations were 168-174° with decomposition (Sample A) and 
153-156° with decomposition (Sample B). The value earlier 
reported was 135° with decomposition. 


Analysis—C;;,Hy,OwN2. Calculated. Cc 63.6, H 4.9 
Found (B). “ 62.9, ‘ 5.0 


N-Carbobenzoxy-l-tyrosylglycine—Synthesis according to Berg- 
mann and Fruton (12); m.p. 98-101°. 


DISCUSSION 


For the purpose of comparing the total malonic acid introduced 
into the molecule with the total reactive groups present, we are 
basing our calculations on a figure of 70,000 for the molecular 
weight of horse serum albumin (13). Our protein was prepared 
by the method of McMeekin who reported a nitrogen content of 
16.1 per cent for his product (3). There is good agreement regard- 
ing the tyrosine content, 4.67 per cent (4) or 4.79 per cent (5), 
corresponding to eighteen tyrosine residues per molecule. There 
is no analysis of the lysine content of this crystalline protein. 
However, an earlier analysis for serum albumin reported by 
Bergmann and Zervas in a review (14) gave 11.3 per cent, or 54 
residues per molecule, as described above. The amino nitrogen 
content of Hewitt’s crystalline carbohydrate-free protein (1.09 
per cent) and that of our preparation (Table 1) may be used to 
calculate the number of free amino groups per molecule. These 
are found to be 54 or 64, respectively, and represent the approxi- 
mate number, primarily derived from lysine, with which the re- 
agent might be expected to react. If these figures are used, 
there would be between 72 and 82 reactive amino and phenolic 
groups within the molecule. 

Typical preparations of malonyl serum albumin were found to 
have 0.099, 0.087, and 0.103 moles of combined malonic acid 
per gm. atom of nitrogen (Table I). If from these analyses the 
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actual number of malonic acid residues per molecule of protein is 
calculated, figures of 80, 70, and 83 are obtained. These may be 
compared with the 72 to 82 reactive groups estimated above. 
Such a comparison supports our interpretation of the experi- 
mental data of Fig. 2, that 93 per cent reaction of the amino groups 
and 80 per cent reaction of the groups that reduce the phenol 
agent correspond to complete coverage of both lysine and tyrosine. 
This occurs after approximately 3 times the required amount of 
C02 has been added. 

The addition of this amount of malonic acid to the serum 
albumin molecule will increase its molecular weight from 70,000 
to about 77,000. 

The observation that malonic acid bound to phenolic hydroxyl 
groups is not stable under physiological conditions is especially 
significant in view of the frequent use of ketene to determine the 
importance of tyrosine in physiologically active proteins. Al- 
though we have no evidence to prove that phenolic-bound acetyl 
is labile in this way, there is no reason to suppose that it would 
be far different. As yet we have noted only one experimental 
finding which might be attributed to such hydrolysis. Boor and 
Miller (15) observed that ketene reacts with gonococcus cells to 
inactivate them, and that only two out of six mice were killed by 
freshly acetylated cells, but after the preparation had stood a 
week, even in the cold, it was fatal to all six animals. It is pos- 
sible that acetylation of tyrosine originally caused detoxication, 
and that gradual hydrolysis of these groups allowed the activity 
to return. That such an effect has not entered into the study of 
acetyl pepsin (7) is probably due to the fact that the digestive 
period is very short, 10 minutes, and the temperature low, 25°. 
The acetyl insulin of Stern and White (8) was tested by the 
mouse convulsion method, so that exposure to the enzymes and 
conditions existing in the body would be at a minimum. Further 
work with such physiological systems should, however, be carefully 
controlled to insure that such an unexpected hydrolysis does 
not occur. 


SUMMARY 


1. The free amino and tyrosine phenolic groups of serum al- 
bumin appear to have completely reacted with malonic acid after 
the addition of 3 times the theoretical amount of carbon suboxide. 
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2. Carbon suboxide, unlike ketene, reacts with free amino 


and tyrosine phenolic groups at approximately the same rate. 


3. Malonic acid bound to tyrosyl phenolic groups is labile even 


in the cold and is quite rapidly hydrolyzed under physiological 


conditions. 


4. Substituted tvrosine derivatives develop with the phenol 


reagent less than the theoretical intensity of color equivalent to 


their tyrosine content. 


1. 
2. Oncley, J. W., Ross, W. F., and Tracy, A. H., J. Biol. Chem., 141, 797 
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LICHENIN AND ARABAN IN OATS (AVENA SATIVA) 


By DANIEL LUZON MORRIS 
(The Putney School, Putney, Vermont) 


(Received for publication, September 23, 1941) 


Like the other cereal grains, oat seeds contain several complex 
polysaccharides. Aside from starch, which makes up the greater 
part of the seed, there are levans (1), the two polysaccharides with 
which this paper deals, and presumably other as yet unidentified 
substances. In the course of work on cupric chloride crystalliza- 
tion patterns (2-4) it has been found that polysaccharides are fre- 
quently responsible for the specificity of the patterns of grain 
extracts. It has already been reported that this is true in the case 
of oats, and that the polysaccharide in question can be precipitated 
with alcohol (2) or acetic acid (4). The product obtained by pre- 
cipitation with acetic acid seemed to contain less protein than that 
precipitated by alcohol. 

The pattern-forming substance of oats has now been obtained in 
a state sufficiently pure for identification, and found to be identical 
with lichenin. In the course of the purification of this substance a 
very small amount of another polysaccharide has been isolated, 
though not in a pure state, which is believed to be an araban, with 
the properties of the araban described by Hirst and his coworkers 
(5-8). 

The significant properties of authentic lichenin as compared with 
those of the corresponding oat preparation are as follows: Both 
give nearly identical patterns with cupric chloride crystals, both 
are readily soluble in hot water to give a solution which jells when 
it cools, and both are soluble in cold sodium hydroxide solution. 
The specific optical rotation of lichenin in 2 n sodium hydroxide is 
la], = + 8.3° (9), that of the oat preparation, +6° (+1°). The 
rotation' of the triacetyl derivative of lichenin in chloroform is 


1 All rotations mentioned are specific rotations for the sodium D line. 
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—40.3° (10), while that of the preparation from oats is about —37°. 
The lichenin from oats when hydrolyzed gave products with a 
specific rotation of about +47°, from which glucosazone could be 
prepared. Total reducing sugars were found to be about 99 per 
cent of the product, of which 95 per cent is aldoses, while 1.3 per 
cent of the total was found to be pentose. 

A comparison of the properties of Hirst’s araban with those of 
the corresponding product from oats shows that both give re- 
markably high levorotation in water: araban — 160°, oat product 
about —140°. The acetate of the Hirst preparation has a rotation 
of —90° in acetone, that of the oat preparation — 105° in chloro- 
form. An osazone of melting point 160° could be obtained from 
the hydrolysis products of the oat preparation, and the preparation 
gave the calculated yield of furfural when it was distilled with 
12 per cent hydrochloric acid. The specific rotation of the hy- 
drolysis products of the preparation was +55° instead of +105° 
as it should have been if araban were the only constituent. This 
discrepancy points to the presence of other polysaccharides as con- 
taminants. Like the levans (e.g. (11, 12)) the oat araban is soluble 
in pyridine, and may be acetylated at room temperature with acetic 
anhydride and pyridine. This property facilitates its separation 
from lichenin. 

The polysaccharides were separated from each other and from 
the rest of the soluble polysaccharides by fractional precipitation 
from water by acetic acid, followed by acetylation, and fractional 
precipitation of the acetates from ethyl acetate by an alcoholic 
solution of ammonium acetate. Incidentally, ammonium acetate 
is very valuable for polysaccharide work; frequently its addition 
to a colloidal suspension of a polysaccharide will bring about com- 
plete precipitation. In addition to this the salt will evaporate 
completely in the vacuum desiccator in the presence of sulfuric 
acid and sodium hydroxide. 

Most of the methods given in the literature for the saponification 
of polysaccharide acetates (for example (12-15)) involve the 
action of an alkaline solution on a solid. To avoid this hetero- 
geneous reaction the method of Kunz and Hudson (16) for the 
estimation of acetyl in sugar acetates has been adapted for use with 
polysaccharides. The polysaccharide acetate is dissolved in ace- 
tone, to which a limited amount of aqueous or alcoholic alkali can 
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be added without precipitation of the acetate. Precipitation takes 
place only when the insoluble free polysaccharide is formed. In 
this way quantitative saponification can be obtained in half an 
hour at room temperature. For volumetric analysis aqueous 
alkali should be used, since the presence of alcohol gives low results, 
presumably due to the formation of ester (ef. (15)). 


EXPERIMENTAL 


Preparation of Starch-Free Extract—500 gm. of Swedish Selected 
oats were ground to pass a 20 mesh screen and extracted three times 
with 2 X 10-‘N iodine solution (17). Each time the extraction 
mixture was allowed to stand for about an hour, then strained 
through heavy muslin. The combined extracts, about 2 liters, 
were centrifuged to remove most of the starch, and then 100 gm. 
of “‘celite analytical filter aid’’ (Johns-Manville) were added. The 
mixture was filtered with suction through a layer of celite, to give a 
crystal-clear yellow filtrate. 

Earlier attempts to prepare a starch-free extract by simple cen- 
trifugation, filtration through paper pulp, etc., were uniformly un- 
successful. Centrifugation yielded solutions that were always 
faintly opalescent, while filtration through paper pulp was too slow, 
and much of the desired material was lost through adsorption. If 
the preparation of the clear extract took more than 8 hours, serious 
losses resulted. 

Preparation of Crude Polysaccharides—To the solution were 
added 250 ec. of 40 per cent lead acetate solution, and 10 ec. of 50 
per cent acetic acid. A light precipitate separated, leaving an 
opalescent solution which was clarified by filtration through celite, 
after which 150 cc. of concentrated ammonium hydroxide were 
added, which caused the separation of a dense white gelatinous 
precipitate. The precipitate was collected in the centrifuge as a 
thick cream, and the lead removed as the carbonate with carbon 
dioxide. When an attempt was made to concentrate the resulting 
solution in vacuo at 60°, it foamed violently, and some precipitate 
formed. The solution was therefore heated to 95° to coagulate 
proteins, and filtered hot without suction. The clear filtrate 
clouded when it cooled, and could not be clarified with celite. The 
cloudiness consisted presumably of a heat-stable protein, possibly 
like Osborne’s Preparation 20 (18). 
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To the cloudy solution, about 750 cc., were added 15 cc. of glacial 
acetic acid and 8 liters of 95 per cent alcohol.2? A heavy white pre- 
cipitate separated which was filtered with suction, leaving a yellow 
filtrate. The precipitate was washed with alcohol and ether. It 
had a light buff color when moist, and weighed, dry, about 9 gm. 
This preparation consisted principally of polysaccharides, but con- 
tained considerable protein. 

Preliminary Fractionation of Polysaccharides—The precipitate 
just described was added to 50 cc. of water. The powder gradually 
swelled to form a thick syrup which was heated on the water bath. 
After it had been cooled to room temperature, 50 cc. of glacial 
acetic acid were added. At the end of 2 days the whole had set to 
a jelly, which was centrifuged, and about 50 cc. of clear supernatant 
solution were obtained. The jelly was extracted six times, each 
time with 50 cc. of 50 per cent acetic acid, then an equal volume of 
alcohol was added to it, and the precipitate was collected, washed 
with alcohol, and dried. This 50 per cent acetic acid-insoluble ma- 
terial weighed 4 gm., or slightly less than | per cent of the oats. A 
sample, dissolved in 2 N sodium hydroxide and centrifuged, gave a 
light brown solution which showed a specific rotation of about 
+8°. The further treatment of this fraction is described later, 
under “Purification and properties of lichenin.”’ 

The combined supernatant solutions obtained in the foregoing 
extraction were clarified by filtration through celite. To the 
filtrate, 300 cc., were added 15 gm. of ammonium acetate and 1200 
cc. of alcohol. A brown precipitate separated that weighed, dry, 
2.7 gm. This was dissolved in 30 cc. of water, 0.5 gm. of am- 
monium acetate was added, and the mixture boiled. A syrupy 
solution resulted which was filtered through celite. Filtrate and 
washings came to 45ce. Enough 97 per cent acetic acid was added 
to make the acetic acid concentration 75 per cent, and a precipitate 
formed which settled readily. The precipitate was separated by 
centrifugation and was washed with 75 per cent acetic acid. This 
fraction weighed 0.75 gm. and had a specific rotation of —42° in 
water. 

Glacial acetic acid was added to the supernatant solution until 
the concentration of acid was 88 per cent. The precipitate which 


? The alcohol used throughout this work contained 5 per cent of methyl 
alcohol. 











D. L. Morris 885 


formed was collected and washed with acetic acid of the same 
strength. This fraction weighed 0.98 gm. and had a specific 
rotation of —41° in water. 

Separation of the Highly Levorotatory Fraction—The 88 per cent 
acetic acid-insoluble fraction was dissolved in water and precipi- 
tated with 9 volumes of alcohol. The precipitate could then be 
almost entirely dissolved in 15 ec. of pyridine at 50° (ef. (19)), 
though a little gelatinous residue remained undissolved. The mix- 
ture was cooled to 25°, and 15 cc. of acetic anhydride were added 
with cooling. A heavy precipitate formed at once and dissolved 
in the course of the next half hour. After 24 hours at room tem- 
perature the acetylation mixture was added to an excess of cold 
water. A brownish gum separated, which was collected, dissolved 
in a little acetone, and precipitated with a large excess of alcohol. 
The acetate weighed 1.02 gm. 

The 75 per cent acetic acid-insoluble fraction was acetylated in 
the same way. The acetylation mixture did not become clear at 
room temperature even after several days, and was therefore fil- 
tered through celite to give a clear colorless filtrate. When this 
was added to water, a colloidal suspension resulted, which could 
be coagulated by the addition of ammonium acetate. This poly- 
saccharide acetate fraction weighed 0.72 gm. 

Neither of these acetates dissolved to give a clear solution in 
chloroform. Accordingly each was taken up in 5 ce. of pyridine 
together with 5 cc. of acetic anhydride, allowed to stand overnight 
at room temperature, and again precipitated. The resulting 
preparations were entirely soluble in chloroform. Their specific 
rotations in chloroform were —57° for the 75 per cent acetic 
acid-insoluble preparation, and —44° for the 88 per cent acid- 
insoluble fraction. 

Each acetate was dissolved in 12 cc. of ethyl acetate, and 15 cc. 
of 1 per cent ammonium acetate solution in alcohol were gradually 
added. Gummy precipitates resulted, which were collected by cen- 
trifugation as syrups. The syrups were redissolved and reprecipi- 
tated twice more with the same volumes of solvents. The final su- 
pernatant solutions contained nothing that could be precipitated by 
alcohol. The precipitates were rubbed up with alcohol, filtered, 
and dried. The supernatant solutions were not further investi- 
gated. 
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By this procedure, the 75 per cent acid-insoluble fraction yielded 
180 mg. of a preparation whose rotation was — 105° in chloroform, 
and the 88 per cent acid-insoluble, 30 mg. of a preparation whose 
rotation was —92°. These were combined. It was found pos- 
sible, by repeated solution of the material in ethyl acetate and pre- 
cipitation with decreasing amounts of alcohol, to separate about 
12 mg. of a fraction with a rotation of —84°, while the rotation of 
the remainder was —105°. Further attempts to fractionate the 
latter, either with ethyl acetate and alcohol, or with chloroform 
and petroleum ether, yielded only fractions with a rotation of 
— 105°. 

Properties of Levorotatory Fraction—Samples of the acetate 
weighing 25 and 44 mg. were analyzed for acetyl content by the 
method outlined earlier in this paper. They were dissolved in 
10 and 15 ee. of acetone, respectively, and 2 and 3 ce. of 0.2 n 
sodium hydroxide were added. After half an hour water was 
added, and the excess alkali titrated with 0.02 n hydrochloric acid 
to pH 8, with the use of thymol blue as an indicator. Found, 
40.0 and 40.4 per cent CH;CO. The free polysaccharide was re- 
covered from the titration mixtures and reacetylated with acetic 
anhydride and pyridine at 100° rather than at room temperature, 
as had been done earlier. The acetate so prepared weighed 59 
mg. Its rotation was —105°, and analysis showed 40.7 and 41.1 
per cent CH;CO (calculated for CsHe0,(COCHs)>s, 39.8 per cent 
CH;CO). 

The remainder of the acetate was saponified at room temperature 
by the addition of a slight excess of 0.5 N alcoholic potassium hy- 
droxide to its solution in acetone. The free polysaccharide separ- 
ated almost immediately as a brittle solid that filled the whole 
solution. This gradually crumbled and settled. It was dissolved 
in water and precipitated with ammonium acetate in alcohol. 
Two determinations of optical rotation in water (one after recovery 
from reacetylation) gave — 146° and — 136°; mean — 141°. 

2.920 mg. of the polysaccharide were analyzed for carbon and 
hydrogen.* 

C;H,O,. Calculated, C 45.5, H 6.06; found, C 44.16, H 6.13 

An 11.8 mg. sample of the polysaccharide was hydrolyzed with 

0.67 Nn hydrochloric acid for 3 hours at 100°. Reducing sugars 


3 By the laboratory of Dr. Carl Tiedcke, New York. 
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were determined on one-tenth aliquots by the method of Hanes 
(20). Found, 1.39, 1.33, 1.29, 1.32 mg., calculated as glucose or 
arabinose; theoretical for CsHsO., 1.34 mg. Hydrolysis with 2 n 
hydrochloric acid gave results about 10 per cent below the theo- 
retical. 

Reducing sugars were determined in the polysaccharide itself 
by the micromethod of Folin for the estimation of blood sugar 
(21). Found, 0.7 per cent, calculated as glucose. 

A sample weighing 19.4 mg. was hydrolyzed as above, and the 
rotation of the hydrolysis products in a volume of 3 cc. was de- 
termined. The specific rotation was +55°. 0.5 cc. of this solution 
was neutralized, and treated with phenylhydrazine hydrochloride 
and sodium acetate. A crystalline osazone separated after the 
mixture had been heated to 100° for some time. The crystals were 
very similar in appearance to those of glucosazone. Attempts to 
recrystallize them from 50 per cent alcohol were unsuccessful; the 
alcoholic solution was therefore extracted with ether, and the osa- 
zone precipitated from the latter in several fractions with petroleum 
ether. The two least soluble fractions melted at 160°. This is the 
melting point of arabinosazone. 

3.18 mg. of the polysaccharide were distilled with 12 per cent 
hydrochloric acid by a micro modification of the method of Kroeber 
(22). 2.75 mg. of phloroglucide were obtained, from a distillate 
volume of 40 ce. This is equivalent to 3.20 mg. of araban. 

The polysaccharide was a white powder which was very hygro- 
scopic, but not usually deliquescent. It dissolved very readily in 
water, from which it could be precipitated by large volumes of 
alcohol, acetone, etc., particularly if a little ammonium acetate was 
present. When freshly precipitated, it was readily soluble in 
pyridine. 

Purification and Properties of Lichenin—The 4 gm. of 50 per cent 
acetic acid-insoluble material were added to 20 cc. of water at 100° 
to give a light brown turbid suspension, and precipitated with 80 
ec. of 1 per cent ammonium acetate solution in alcohol. The pre- 
cipitate was washed once with alcohol, and 20 ec. of pyridine were 
added. The mixture was triturated thoroughly in the cold, 
centrifuged, and the supernatant solution, which contained some 
alcohol-precipitable material, was discarded. 20 cc. more pyridine 
were added to the precipitate, which was then acetylated at 100° 
for 5 hours with 20 cc. of acetic anhydride. A considerable amount 
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of insoluble material was centrifuged off, and the acetate precipi- 
tated from the solution with cold water. It weighed about 6 gm. 

The crude acetate was dissolved in ethyl acetate to form a 
turbid solution. This was clarified by filtration through celite. 
50 ce. of 1 per cent ammonium acetate in alcohol were slowly added 
to the 45 cc. of ethyl acetate solution, and the mixture was centri- 
fuged. Two clear liquid layers formed, the lower one a thick 
syrup. The supernatant solution was poured off, and the syrup 
redissolved in 20 cc. of ethyl acetate and precipitated with 23 cc. of 
alcoholic ammonium acetate. This process was repeated with 10 
cc. of ethyl acetate and 12 cc. of alcohol. The syrup finally ob- 


TaBLe | 
Properties of Oat Lichenin Fractions 


Fraction Fraction Fraction 
Il III IV 








Weight, gm. pial ote 1.4 2.3 0.8 
Rotation of acetate in chloroform, degrees —39 —36.2 | —36.6 
‘«  _ “ free polysaccharide* in 2 Nn NaOH, 
degrees... : A 6 | +7 
Rotation of hydrolysis products,t degrees | +48 | +49 +46.5 
Sugar found after hydrolysis (as glucose), per | 
cent ; | 99.2 | 98.5 | 100.0 


* Obtained by saponification exactly as was the araban. 
t After hydrolysis with 0.67 n HCl for 3 hours at 100°. 


tained was triturated with alcohol and dried. This fraction 
(Fraction I) weighed about 1 gm. It was not further investigated. 
To the combined supernatant solutions were added 10 cc. of aleo- 
hol, and, as before, a syrup was obtained, which was redissolved 
and reprecipitated to yield Fraction II. The supernatant solu- 
tions from this gave Fractions III and IV in the same way. A 
little material remained dissolved in the final supernatant solution, 
and was discarded. The properties of Fractions II, III, and IV 
are shown in Table I. 

The following data in addition to those given in Table I were 
determined for Fraction III. Its acetyl content was 44.6 per cent 
(calculated for CsH;Os(COCHs)3, 44.8). The acetate was sapon- 
ified, and pentosans were determined in 150 mg. of the free poly- 
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saccharide; found, 1.3 per cent pentosans. A sample of the 
polysaccharide was hydrolyzed with 0.67 n hydrochloric acid, and 
aldoses were determined in the hydrolysate by the method of 
Cajori (23). 94.4 per cent of aldoses were found, calculated as 
hexose. The difference between this figure and that of 98.5 per 
cent for the total sugars formed on hydrolysis (Table I) represents 
about 4 per cent of ketose in this fraction. An osazone was pre- 
pared from another sample of the hydrolyzed polysaccharide. It 
melted at 206-208° after it had been recrystallized from 50 per 
cent alcohol, and it had the typical appearance of glucosazone. 

The polysaccharide was a white powder, nearly insoluble in cold 
water, but readily soluble in hot. This solution set to a jelly when 
it was cooled. The preparation dissolved to give a clear solution 
in cold 2 n sodium hydroxide. It was hygroscopic, but not 
deliquescent. 

Cupric chloride crystal patterns were determined as described 
previously (2). The patterns of the oat lichenin were nearly 
identical with those of lichenin prepared from Iceland moss 
(Cetraria islandica). This was true whether the polysaccharides 
were used alone, or whether a trace of protein was added to each, 
though the protein markedly altered the patterns. Photographs 
of the oat lichenin patterns have been shown in a recent paper (4), 
where they were labeled merely “oat polysaccharide.” 


DISCUSSION 


Karrer and his coworkers in 1924 (24-26) suggested that the 
name “reserve cellulose,’ apparently rather loosely used at that 
time, be restricted to lichenin. They preferred to use the name 
reserve cellulose since they believed that the polysaccharide was 
much more widely distributed in nature than it had previously been 
thought to be. This belief was based on the demonstration that 
lichenase could be found in the seeds of most plants, and it was 
reasoned that the enzyme would not occur without its substrate. 
Lichenin has not until now, however, been actually isolated from 
the higher plants. The fact that it can be obtained from oats 
bears out Karrer’s hypothesis, and suggests that it actually serves 
as a cellulose reserve in the oat seeds. 

The presence of araban in the oats is perhaps of only academic 
interest. The arabans are wide spread in nature, being a part of 
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the pectin complex (6). It is believed, however, that this is the 
first time an araban has been found in the grain seeds. 

The methods used in this investigation, fractionation of the free 
polysaccharides with acetic acid and fractionation of the acetates, 
together with the application of the cupric chloride crystallization 
patterns where possible in addition to the more common means of 
identification, may prove to be of value in the separation of other 
polysaccharide mixtures. 


SUMMARY 


Two polysaccharides, identified as lichenin and araban, have 
been obtained from oat seeds. 

Lichenin is the polysaccharide of oats responsible for its cupric 
chloride crystallization pattern. Its isolation tends to confirm a 
hypothesis of Karrer and his coworkers that lichenin is wide spread 
in nature as reserve cellulose. 

A convenient method is described for the saponification of poly- 
saccharide acetates and determination of their acetyl content. 


The author is indebted to Dr. C. B. Purves, of the Massachu- 
setts Institute of Technology, for many suggestions in the course of 
the work, and for the use of the polarimeter at the Institute; to 
Dr. Dana W. Atchley, of the College of Physicians and Surgeons 
of Columbia University, for the loan of a polarimeter during the 
past year; and to the American Association for the Advancement of 
Science for a grant-in-aid which helped to defray expenses of the 
investigation. 
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THE CARBON DIOXIDE TENSION AND ACID-BASE 
BALANCE OF JEJUNAL SECRETIONS IN MAN 
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Boston) 
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The comparative inaccessibility of the human small intestine ac- 
counts in part for the notable scarcity of information concerning 
the composition of its contents, particularly with respect to its 
acid-base balance. Occasional observations on secretions obtained 
through jejunal fistulas following necessary abdominal surgery 
have afforded some information on the physical and chemical 
characteristics of mixed intestinal juices. The bulk of scientific 
information regarding the chemical composition and properties 
of jejunal juice, however, has largely come from observations made 
on laboratory animals. The demonstration of a practical method 
(1, 2) for intestinal intubation in man has provided a means of ob- 
taining intestinal secretions without recourse to surgical pro- 
cedures. It is the purpose of the present paper to present (a) 
data on the acid-base balance of human jejunal juice, (b) the limits 
of normal variation, and (c) the rate at which the acid-base balance 
of the juice returns to normal after the administration of acids and 
alkalies. In the study of Karr and Abbott (3), on the acid-base 
balance of the intestinal secretions, a few observations on the pH 
and bicarbonate of jejunal juice were reported. Our data extend 
these observations to include calculations of the CO, tension and 
to describe in greater detail the response made by the acid-base 
balance to displacement from normal. 

The jejunal juice was obtained from men and women through in- 
testinal intubation by the technique described by Miller and 
Abbott (1, 2). A triple lumen tube was used, with a single bag for 
part of the work, and a double bag (to isolate a portion of the small 
intestine) for the remainder of the investigations. Fig. 1 shews in 
diagram the intestinal end of the two types of tubes required. 
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The results of forty-seven successful intubations made on thirty 
subjects furnish the data in this report. Thirteen of these intuba- 
tions were on individuals with achlorhydria. Of the thirty sub- 
jects, three had four separate intubations each, one had three, six 
had two, and twenty had but one intubation. While the tube was 
in place in a given subject, several samples of jejunal secretions 
were withdrawn for a series of observations. The youngest sub- 
ject was 17 years and the oldest 58 years of age. ‘Twenty-one of 
the subjects were males (thirty-eight intubations) and eight were 
females (nine intubations). 























Fic. 1. Diagram of tubes used in procuring intestinal secretions 


Procedure for Withdrawal of Fluids 


All intubations were made after a 15 hour fast. In many in- 
stances, the first attempt at intubation consisted simply of teaching 
the subject how to swallow the tube. When the tube reached the 
stomach, during such an initial attempt, it was allowed to remain 
for an hour or more, primarily to accustom the subject to the 
presence of the tube. 1 or more weeks later, the process was re- 
peated, with an effort to manipulate the tip of the tube into the 
duodenum, for which a fluoroscope and pressure on the abdominal 
wall, described by Morgenstern (4), were employed. This led to 
passage of the deflated, thin walled latex bag into the duodenum in 
75 per cent of the trials. Once the bag was well past the pylorus 
(preferably well into the second portion of the duodenum), it was 
inflated with air. When two bags were on the tube, it was found 
that both must be well into the duodenum before their inflation. 
Usually, the jejunum was reached a half hour or so after inflation 
of the bag. 
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During the several hours of experimental observations following 
each successful intubation, an effort was made to keep the tip of the 
tube in the upper or midjejunum. This necessitated an occasional 
reexamination under the fluoroscope. At times the bag had to be 
deflated and the tube partially withdrawn because motor move- 
ments of the small bowel had moved several feet of intestine above 
the bag. The subjects were instructed, furthermore, not to allow 
the tube to be swallowed past a given mark. Although one cannot 
be sure of the exact location of the end of the intestinal tube during 
prolonged experiments, it is believed that most, if not all, of the 
intestinal fluid examined in this report was from the jejunum. 
In the observations on juice obtained from isolated intestinal loops, 
only jejunal juice was obtained; in those experiments in which the 
tube carried a single bag, the jejunal juice may have included 
salivary, gastric, and pancreatic secretions. 


Analyses 


The specimens were collected under oil in a closed system with 
constant suction from a 30 inch water column siphon. Carbon 
dioxide content was determined by the manometric method of 
Van Slyke and Neill (5). The pH of the juice was determined 
colorimetrically with the bicolor colorimeter of Hastings (6), 
and in some instances also electrometrically with the Leeds and 
Northrup glass electrode potentiometer. Phenol red (range 6.6 to 
7.8 pH) and chlor-phenol red (range 5.0 to 6.8 pH) were suitable 
indicators for the pH variations of most of the specimens of jejunal 
juice (7). 

Total base was determined by the method of Fiske (8). Chlo- 
rides were determined by the method of Wilson and Ball (9). The 
concentration of osmotically active solutes was estimated from the 
freezing point depression. The analyses reported by Karr and 
Abbott (3) indicate that “‘the only significant osmotically active 
solutes in the fasting intestinal contents are the chloride and bi- 
carbonate salts.’ Confirmation of this was found by comparing 
the osmotic pressure of jejunal juice as calculated from (a) freezing 
point lowering, (b) total base determination, and (c) summation of 
chloride and bicarbonate present. (These data will be presented 
in detail in a subsequent publication.) 
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Calculations 


The colorimetric pH was determined at room temperature and 
corrected to its value at 38° by subtracting 0.006 pH per degree. 
The concentration of HCO; and the CO, tension were calculated 
from the Henderson-Hasselbalch equation, values being assigned 
for pK’ and aco, appropriate to the salt concentration of each 
specimen of juice. The value of pK’ was calculated from the 
equation of Hastings and Sendroy (10), pK’ = 6.32 — 0.5 \/(B), 
where (B) is the concentration of total base in equivalents per kilo 
of water. The value of the solubility coefficient for carbon dioxide, 
aco,, was calculated from the equation aco, = 0.546 — 0.109 
(B), derived from the data on the solubility of CO, reported by 
Van Slyke, Sendroy, Hastings, and Neill (11). 


Total Base 


The total base content of the secretions of the upper small 
intestine, obtained by fistula from man, cat, or dog, has been 
reported to be approximately 160 to 170 milliequivalents per 
liter (12, 13). With intestinal secretions obtained by intubation 
in man, Karr and Abbott (3) found rather wide variations of 
total base, with many results indicating a hypotonicity as com- 
pared to the normal osmolar concentration of solutes of blood 
plasma. In our experience, the lower values of total base in 
jejunal juice were usually found only in the first specimens re- 
moved after the tube had passed the duodenojejunal flexure, and 
probably represent dilution of jejunal juice with base-poor secre- 
tions such as saliva and gastric juice. Of forty-one such “first 
specimens”’ in our series, the total base values were from 110 to 
170 (average 139) milliequivalents per liter. Samples of fasting 
jejunal secretion taken subsequent to the first specimen were 
analyzed in twenty-two instances. The lowest total base value 
in this particular group was 144, the highest 170, with an average 
figure of 158.4 milliequivalents per liter. This compares favor- 
ably with the usual values for total base of normal serum and 
suggests that jejunal juice is normally isotonic with body fluids. 
The distribution of the total base values of the first and second 
specimens is shown in Fig. 2.' 

! The actual experimental data from which Figs. 2 to 7 have been pre- 
pared may be obtained by applying to the authors. 
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Acid-Base Balance 


Normal Variations—The data on the pH, HCOs, and CO, 
tension of the samples of juice from normal fasting subjects and 
from patients with achlorhydria are presented in Fig. 3. These 
data are plotted logarithmically in a manner similar to that 
employed for urine by Sendroy, Seelig, and Van Slyke (14). 
The grouping of the results suggests that human jejunal juice 
tends, within certain limits, to have a characteristic acid-base 
balance, as indicated by the concentration of the points within 
the area limited by the heavy lines. It will be seen that, except 
in a few isolated instances, the pH values were between 6.8 and 
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Fic. 2. Relation of total base content to the time of removal of fasting 
jejunal juice. @ designates initial specimen; O later specimen. 


6.2, and the COs, tension between 60 mm. and 200 mm. Since 
most of the points had CO, tensions below 150 mm., this value 
is arbitrarily chosen as the upper normal limit of CO, tension. 
The acid-base balance of normal jejunal juice may, therefore, be 
defined as having an average pH of 6.5 + 0.3 and an average 
CO, tension of 100 + 50 mm. Under these conditions, the 
HCOs concentration may vary from 2 to 10 mm per liter at a CO, 
tension of 60 mm. to values from 6 to 20 mm per liter at 150 mm. 
It was found in three instances, indicated by the lines joining 
several points, that successive samples drawn from isolated 
intestinal segments tended, with time, to have acid-base values 
within the normal area, though the initial samples in two in- 
stances had values well outside this area. This substantiates the 
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hypothesis that the acid-base balance of the juice tends to be 
maintained within certain restricted limits. 

Since the acid-base values of samples of juice from patients 
with proved achlorhydria are randomly distributed among the 
values from normal individuals, the possibility that the high CO, 
tension of the juice is the result of contamination by the HCl 
of gastric juice is precluded. The composition of the juice, with 


M.Eq [HCO,| 
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Fic. 3. The heavy lines demarcate the normal acid-base area. @, X, 
denote acid-base balance of jejunal juice from subjects with normal gastric 
secretion; O, A from subjects with proved achlorhydria. 


respect to its acid-base balance, corresponds to that which would 
result if about 15 mm of HCl per liter were added to an ultrafiltrate 
of blood plasma. Had the increase in COs tension been due to 
metabolic COs, it is difficult to understand why it was not more 
nearly equilibrated with the CO, tension of blood. In view of 
these considerations, it is concluded that the high CO, tension 
of jejunal juice is the result of the specific secretory processes by 
which the juice is formed. The present results on the acid-base 
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balance of the jejunal juice of man are consistent with the observa- 
tions made by Robinson (15) and by Herrin (16) on Thiry-Vella 
jejunal loops in dogs. 

Effect of HCl—The effect of the instillation of 100 cc. of 0.1 N 
HCl into the jejunum on the acid-base balance of the juice was 


M.E4. [HCO3| 





40 6080100 200 400 
MM. CO, TENSION 


Fic. 4. Acid-base balance of jejunal juice before, @, and 1 hour after the 
instillation of 100 cc. of 0.1 N hydrochloric acid, O. 


studied in two series of experiments. In the first series, samples 
of juice were obtained before and 1 hour after the instillation of 
the acid; in the second series, the samples of juice were obtained 
at approximately 10 minute intervals during the Ist hour after 
giving the HCl. The results of these observations are shown 
in Figs. 4 and 5. 
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It is seen from the data of Fig. 4 that there is a definite tendency 
for the juice to have a higher HCO; concentration and higher pH 


M.Eq. (HCO,] 
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Fic. 5. Changes in acid-base balance following instillation of 100 ec. 
of 0.1 N HCl into the jejunum. The figures denote the time in minutes 
after the instillation of the HCl that the specimen was obtained. 


| hour after the administration of HC]. The CO, tension remains 
within normal limits, however. This change in the acid-base 
balance of the juice toward the alkaline side is no doubt the result 
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of secretin liberation and the resultant secretion of pancreatic 
juice and bile. 

The data of the second series of twelve observations, plotted 
in Fig. 5, show even more strikingly the nature of the path tra- 
versed by the acid-base balance of the juice after its displacement 
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Fig. 6. Changes in acid-base balance following instillation of NaHCO; 
solution into the jejunum. The figures denote the time in minutes after 
NaHCO; administration that the specimen was obtained. 


from its normal value by HCl. During the return to the normal 
area, the CO, tension remains remarkably constant. 

Effect of NaHCO;—The effect of the instillation of 100 cc. of 
solutions of NaHCOs, varying in concentration from 0.15 to 0.6 
M, is shown in Fig. 6. Serial samples were withdrawn at intervals 
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varying from 5 to 60 minutes following the alkali administration. 
The effect of the NaHCO; was to raise the HCO; and the pH 
of the juice. The CO, tension remained within normal limits. 

The path taken by the acid-base balance in its return toward 
the normal area was opposite in direction to that taken after 


[HCQs| 
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Fig. 7. Changes in acid-base balance following the instillation of 100 
ec. of water into the jejunum. The figures denote the elapsed time in min- 
utes since the water was administered. 


displacement with HCl, and reached essentially normal values 
within 1 hour. Contrary to the results found after acid adminis- 
tration, no evidence of overcompensation was found after alkali 


administration. 

Effect of H,O—The effect of the instillation of 100 cc. of water 
on the acid-base balance of the jejunal juice was studied in five 
subjects (Fig. 7). The displacement produced was quite different 
from that observed in the previously described experiments. 
There was a proportional decrease in HCO; and CO, tension, 
leaving the pH essentially unchanged. Such changes could be 
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accounted for simply by the dilution of the juice without altera- 
tion in the concentrations of the acidic and basic constituents. 

The return of the acid-base balance to normal followed paths 
consistent with the explanation that water was absorbed in order 
to restore osmotic equilibrium. 


SUMMARY 


1. Normal human jejunal juice tends to have a characteristic 
acid-base balance, with a bicarbonate concentration about one- 
third that of blood serum (8 mm. per liter), and a CO, tension 
about double that of venous blood (100 mm.), resulting in a slightly 
acid pH (6.5). These findings are consistent with those previ- 
ously reported by Robinson (15) and by Herrin (16) for the 
juice from jejunal loops of dogs. 

2. Displacement of the normal acid-base balance by acid, 
alkaline salts, or dilution results in a prompt return of the acid- 
base balance of the juice to normal values. It may be inferred, 
therefore, that regulation of the composition of the juice is to be 
regarded as a physiological phenomenon, characteristic of the 
cells responsible for the formation of the juice. 

3. The high CO, tension at which the juice is maintained, in the 
absence of, or with the exclusion of gastric juice, suggests that 
the jejunal juice may originate from two sources, one of which 
produces an acid secretion and the other an alkaline secretion. 
The significance of these observations for the maintenance of the 
normal activity of intestinal enzymes merits further investigation. 
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IODINE METABOLISM OF THE THYROID GLAND* 
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(Received for publication, December 6, 1941) 


Because of the similarity in structure between diiodotyrosine 
and thyroxine, Harington and Barger (1) suggested that the for- 
mer is the precursor of thyroxine in the thyroid gland. The 
formation of thyroxine from diiodotyrosine has been demon- 
strated lately in vitro (2, 3). Recent data (4, 5) obtained with 
radioiodine used without carrier indicate the rates of incorporation 
of iodine into the various thyroid fractions but do not indicate the 
sequence of formation nor the respective sources of the finished 
components. 

In a series of preliminary experiments with subphysiological 
doses of radioiodine, I*° (without carrier), we have attempted to 
determine whether diiodotyrosine is a natural precursor of thyrox- 
ine, whether inorganic iodine is normally present in the normal 
non-iodized thyroid (6, 7), and whether this inorganic iodine in 
the thyroid gland is the source of the iodine in the diiodotyrosine 
molecule. 

Radioiodine (I'*°) injected in subphysiological amounts as iodide 
and without carrier should behave like iodide already present 
in physiological amounts in the blood stream and thus is actually 
representative of the circulating iodide. The radioactivity found 
in the thyroid gland iodine fractions is the result of absorption 
and subsequent reactions in the gland which utilize newly ar- 
rived radioiodine obtained from circulating iodide. 

The iodine fraction which is first formed or appears soon after 


* Assisted in part by a grant-in-aid from the Rockefeller Foundation. 
+t Now at the Department of Anatomy, McGill University, Montreal. 
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the administration of the radioiodine should have the highest 
proportion of radioactivity. Later on, the proportion of radio- 
activity should rise in the other fractions as they are synthesized. 

By the proportion of radioactivity we mean the percentage of 
administered radioiodine per microgram of I'*’, which is called 
the specific radioactivity. Measuring the radioactive isotope of 
I'8° and determining the chemical iodine (stable isotope I'*’) from 
4 to 48 hours after injection of I'*° without carrier, we can arrive 
at the specific radioactivities which are indicative of the normal 
relative rates of turnover of inorganic iodine, diiodotyrosine, and 
thyroxine in the thyroid gland. It is assumed in this type of 
experiment that the total combined iodine values (inorganic and 
organic) for both I'?7 and I'*° remain constant for a particular 
animal under normal conditions, since this level should not be 
disturbed by the extremely small amount (subphysiological) of 
tracer radioactive iodine injected. 


Method 


Radioactive iodine was prepared by the proton bombardment 
of tellurium in the cyclotron, resulting in a product in which the 
isotope with a half life of 12.6 hours (I°) was predominant. 
Radioactive iodine without carrier was separated from tellurium 
by oxidation with a chromic-sulfuric acid mixture, reduction with 
phosphorous acid, and distillation, according to Matthews, Curtis, 
and Brode’s modification (8) of the Leipert procedure (9) for mi- 
crodetermination of iodine. The radioactive iodine was collected 
in an alkaline medium, evaporated to a suitable volume, and 
partially neutralized with phosphoric acid to pH 7.5 and 8.0. 
The radioactive iodine was thus obtained as iodide presumably 
suitable for intravenous injection. 

Six adult dogs, weighing between 20 and 40 kilos, received an 
injection of 10 cc. of radioactive iodine solution (containing prac- 
tically no I'*7) into the saphenous vein of the hind leg. At in- 
tervals of 4, 8, and 48 hours after the injection, the animals were 
sacrificed by illuminating gas. The thyroid glands were trimmed, 
cut into small pieces, and dried in the chamber of a Fisher-Abder- 
halden drier at a temperature of 79° first for 1 hour, then removed 
and homogenized, and returned to the chamber which is then 
connected to a Hyvaec pump until a constant weight of tissue 
was obtained. 
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Aliquots were then taken for the total inorganic and thyroxine 
iodine determinations (both I'*° and I'*7). Inorganic iodine was 
separated by the water extraction method according to Gutman 
et al. (10). As an added precaution against the possibility of 
extracting small amounts of protein containing iodine, trichloro- 
acetic acid was added to the solution obtained after centrifugation. 
Traces of precipitate were obtained which contained insignificant 
amounts of radioactivity. The solution was then ashed and dis- 
tilled according to the method of Matthews, Curtis, and Brode 
(8). The distillate obtained was evaporated and made up to 
volumes of 10 or 25 ce., depending upon the radioactivity content 
of the sample. 2 cc. of this volume were taken for radioactivity 
determinations by means of the dipping Geiger-Miiller counter 
according to the method of Bale et al. (11). The remainder of 
the solution was then analyzed as usual for the determination of 
[27 (8). 

Thyroxine was separated by the butyl alcohol extraction pro- 
cedure according to Blau (12). After reduced pressure distillation 
to remove the butyl alcohol, the residue obtained was ashed and 
treated in the same manner as was the inorganic iodine. Total 
iodine was determined by treating an aliquot of desiccated thyroid 
in the same manner as were the aliquots measured for inorganic 
iodine and thyroxine after their separation, ashing, etc. Haring- 
ton (13) has demonstrated that diiodotyrosine and thyroxine 
account for all of the organic iodine. Therefore, the iodine re- 
maining after the inorganic iodine and thyroxine iodine were sub- 
tracted from the total iodine was considered the iodine of diiodo- 
tyrosine and is so designated in the rest of this paper. The deter- 
minations were made in duplicate and the iodine determinations 
were performed on the residue from the two extractions. 


DISCUSSION 


The results (Table I) indicate a general agreement with the 
values of I'*° reported by Perlman et al. (4) for the sheep. The 
total quantity of radioactive iodine fixed in the gland rose through- 
out the three periods of observation to the highest level at 48 
hours. 

In order to study the rates of formation or turnover of inorganic 
and organic iodine it is necessary to compare the values for I'*° 
with the values for I?’ for each of the compounds studied. The 
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per cent of injected I'*° divided by the amount of I?’ present in 
the same iodine fraction gives a ratio which is called the “specific 
radioactivity” shown in Table I. This permits the comparison 
of the rate of formation of the different fractions in the same animal 
but does not permit direct comparisons with similar ratios ob- 
tained in other normal animals. 


TABLE I 

Rates of Turnover of Inorganic Iodine, Diiodotyrosine, and Thyroxine in 
Thyroid Gland 

All determinations were made in duplicate. The figures in bold-faced 

type represent the relative specific radioactivities. 
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* Per cent of total dose. 
t Stable isotope I'?’. 


Since the proportion of radioactivity in the total iodine fraction 
is not constant from animal to animal, supposedly due to varia- 
tions in blood iodide (I'2’) concentrations and in the thyroid gland 
iodine concentrations of the different fractions among the animals, 
the specific radioactivity of the total thyroid iodine is made equal 
to unity in every experiment, and by proportion, the specific 
radioactivity of the iodine fractions in each individual thyroid is 
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adjusted accordingly. This new value is designated as the “rela- 
tive specific radioactivity” and direct comparison may now be 
made among the values obtained in the case of one animal or 
animals with others, and permits graphing of the values. The 
“relative specific radioactivity” is recorded below the “specific 
radioactivity” in Table I. The “relative specific radioactivities” 
have been plotted in Fig. 1. 

If what we titrate as inorganic iodine was produced during the 
extraction procedure by splitting off from thyroxine or diiodo- 
tyrosine or both, the specific radioactivity of the iodide at any 
time interval should be equal to either one, or lie somewhere in 
between the specific radioactivities of thyroxine and diiodotyrosine. 








1.60 ‘ 
J Pe a 
1.40 - aaa 
— Ue 
me ~S DIODOTYROSINE 
. = THYROXINE 
80 . 


60; 
40 
20 

fr) 





~———--. INORGANIC IODINE 





bo 8 i2 TIME IN HOURS 48 


Fic. 1. Relative specific radioactivities in the thyroid gland 


However, at 48 hours, the specific radioactivity of inorganic iodide 
is considerably below that of either thyroxine or diiodotyrosine. 
Likewise, any losses of I'?’ in the chemical extraction would be 
accompanied by proportional losses of I'*°, thus leaving the ratios 
or specific radioactivity values undisturbed. Therefore, thyroid 
inorganic iodine is a true entity even in non-iodized glands (6, 7). 

Inspection of Table I also shows that in the dogs sacrificed 30 
minutes after the administration of radioactive iodide, the relative 
specific radioactivity of diiodotyrosine is much greater than that 
of inorganic iodide. 

Since the radioactive iodine is administered intravenously in 
the form of iodide, and very soon penetrates into the extracellular 
fluid of the thyroid gland, a situation must exist soon after ad- 
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ministration wherein the specific radioactivity of iodide in the 
extracellular fluid of the thyroid gland is very high in relation to 
the specific radioactivity of the iodide inside of the thyroid cell. 
Since we measure the sum of the iodide contained in both the ex- 
tracellular space and the thyroid cells, a high value in the relative 
specific radioactivity of iodide in the extracellular space might 
well be hidden. If we assume that all of the diiodotyrosine con- 
taining I'*° has been newly manufactured (no exchange) (14, 4), 
then the findings of the high values at 4 hour for diiodotyrosine 
(3 times that of iodide) indicates that the recently arrived inor- 
ganic [°° in the thyroid cell apparently could not have con- 
tributed in any great part to the iodine (I'*°) which is part of the 
diiodotyrosine molecule, for if it did the specific radioactivity of 
the iodide should be higher or at least as high as that in the diiodo- 
tyrosine fraction. 

Another possibility arises. Previous to 4 hour, the specific 
radioactivity of iodide might have been very high and was decreas- 
ing at $ hour, and more subsequently. Inspection of Fig. 1 
shows that this possibility is incompatible with the findings, for 
the relative specific radioactivity of iodide is increasing between 
4 and 8 hours. It is rather inconceivable that the relative specific 
radioactivity of iodide was very high previous to } hour, then fell 
rapidly, and then rose again. It is also possible that some of the 
iodide present in the thyroid gland may have its origin from the 
breakdown of the newly formed diiodotyrosine molecule. There- 
fore most of the inorganic iodide coming from the interstitial fluid, 
and part of which may be destined to enter the thyroid cell as 
iodide, must be transformed immediately into diiodotyrosine before 
it is incorporated into the cells. Most likely this transformation 
takes place at the level of the cell membrane. Two other alterna- 
tive explanations may be examined: (1) The reaction might take 
place in the extracellular fluid of the thyroid. This is unlikely 
because of the lack of specificity of extracellular fluids in general. 
(2) Diiodotyrosine might come to the thyroid already made by 
some other tissue or organs. This seems highly improbable in 
view of previous results indicating that diiodotyrosine as such does 
not enter the thyroid gland (14). 

The fact that the relative specific radioactivities of diiodo- 
tyrosine in the animals sacrificed in } hour are many times greater 
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than those found for thyroxine indicates that diiodotyrosine syn- 
thesis precedes thyroxine synthesis but does not necessarily mean 
that diiodotyrosine is a thyroxine precursor. That diiodotyrosine 
is a thyroxine precursor is demonstrated, however, by the addi- 
tional evidence that there is practically a linear increase in the 
relative specific radioactivity of thyroxine throughout the period 
of time studied and to a magnitude which finally is relatively high. 
This means that the thyroxine originated from a compound hav- 
ing a high relative specific activity which has been maintained 
practically constant during this time. Inspection of Table I and 
Fig. 1 indicates that the relative specific radioactivity values of diio- 
dotyrosine fulfil this requirement although the possibility that a 
small fraction of the total thyroxine formed may arise in another 
manner is not excluded. 

From these data it is possible also to obtain some information 
concerning the absolute rate of formation or turnover of thyroxine. 
Hevesy and Hahn (15) have pointed out that the rate of formation 
of a substance can only be measured by the ratio of its specific 
radioactivity to the specific radioactivity of its precursor, and that 
the specific radioactivity of the latter must be kept constant. 
This ratio times 100 is equal to the per cent of the substance 
formed. An additional condition must be fulfilled, however, in 
order that the value be valid; namely, an insignificant amount, 
or none, of the radioactive compound must be removed. Since 
the relative specific radioactivity of diiodotyrosine apparently 
has remained more or less constant for most of the 48 hour period, 
and since not much “radioactive” thyroxine has been removed 
from the thyroid (otherwise the thyroxine curve would have a 
curvature which would be concave facing the abscissa), an approxi- 
mate value for the rate of formation of thyroxine can be obtained. 
Using an average relative specific radioactivity of 1.3 for diiodo- 
tyrosine, we estimate that 1.55 per cent of the thyroxine is formed 
per hour. 


SUMMARY 


1. Inorganic iodine does exist as such in the normal, non-iodized 
thyroid gland of the dog. 

2. The level of the relative specific radioactivity of the inorganic 
iodide in the thyroid gland does not rise high enough at any time 
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during the period of observations (} to 48 hours) to indicate that 
it is the major source for the iodine of diiodotyrosine. Therefore, 
the conversion of the injected radioactive iodide into diiodotyrosine 
must take place at the level of the cell membrane. The results do 
not permit us to eliminaté the improbable (14) hypothesis that 
diiodotyrosine arises elsewhere in the body and is secondarily fixed 
as such in the thyroid cell. 

3. The diiodotyrosine fraction (obtained by subtracting the 
inorganic iodine and the thyroxine iodine from the total iodine) 
appears to be the natural precursor of thyroxine. 

4. In the six dogs studied, it is estimated that 1.55 per cent of 
the thyroxine contained in the thyroid gland is formed per hour. 
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Wisconsin, Madison) 
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Because of its réle in the nutrition of animals and lower forms 
of life, biotin has become an important member of the B vitamins. 
Although widely distributed in nature, it occurs in exceedingly 
low concentration. To study its occurrence, properties, and 
functions, suitable methods for its determination are imperative. 

Kégl and Ténnis (1) utilized yeast growth as a quantitative 
measure of the biotin in their preparations. Later Snell, Eakin, 
and Williams (2) reported a 16 hour assay for biotin which 
also utilized the response of yeast to added increments of biotin as 
a measure of the biotin present. West and Wilson (3) used a 
strain of Rhizobium trifolii for the determination of biotin. In 
all of these methods, growth is measured turbidimetrically. 

In this paper is described a method for the assay of biotin which 
offers certain advantages over previously published methods. 
[t is based on the fact that, under proper conditions, the titratable 
acidity produced by Lactobacillus casei ¢ is a function of the 
quantity of biotin present in the medium. Colored and turbid 
solutions, which give anomalous results with turbidity methods, 
can be assayed satisfactorily by this method. The same or- 
ganism that is used in the riboflavin (4) and pantothenic acid (5) 
assays is used in this assay; thus no separate stock cultures are 
necessary. 


* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. This work was supported in part by a grant 
from the Wisconsin Alumni Research Foundation. 
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Culture and Inoculum 


The stock cultures of Lactobacillus casei « are prepared and 
maintained as described in the riboflavin method of Snell and 
Strong (4). 

The inoculum for the assay is started 2 days before the assay 
is to be set up. A transfer is made from a stab culture to a tube 
of liquid medium (10 ml.) containing 0.5 per cent Difco Bacto- 
yeast extract,' 0.6 per cent sodium acetate, 0.5 per cent glucose, 
and 0.05 ml. of mineral salt Solutions A and B per tube. The 
culture is incubated at 37° for 24 hours and then transferred to 
the sterile biotin-free basal medium described below. A 2 per 
cent inoculum is used for the transfer; e.g., 0.2 ml. per 10 ml. of 
the biotin-free basal medium. This inoculum supplies sufficient 
biotin for a good growth of the organism. This culture is in- 
cubated for 15 to 20 hours at 37°. 1 drop (0.05 ml.) of this sus- 
pension is used to inoculate each tube in the assay series. 


Medium 


The composition of the biotin-free basal medium is given in 
Table I. 

Stock solutions of peroxide-treated hydrolyzed casein, peroxide- 
treated norit yeast filtrate, vitamins, and adenine, guanine, and 
cystine are prepared and kept in a refrigerator under toluene. 

It is convenient to prepare a large quantity of the biotin-free 
basal medium complete except for glucose, sodium acetate, and 
mineral salts in advance. 1000 ml. (enough for 200 tubes) of 
this stock solution mixture are prepared from the stock solutions 
and solid compounds given in Table IT. 

The asparagine (c.p.) and tryptophane are dissolved in a small 
quantity of hot water and added to the mixture of the four stock 
solutions listed above. This solution is preserved with toluene 
and chloroform and kept in a refrigerator. It is important, ob- 
viously, that it be kept free from growth of contaminating micro- 
organisms. 

Peroxide-Treated Hydrolyzed Casein —100 gm. of Labco vitamin- 
free casein with 375 ml. of water and 125 ml. of concentrated 


1 The Difco Bacto-yeast extract, Difco Bacto-peptone, and Difco tryp- 
sinized liver were all obtained from the Difco Laboratories, Inc., Detroit. 
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H.SO, are hydrolyzed for 15 hours at 120° in an autoclave. The 
15 hour treatment hydrolyzes the casein sufficiently for the or- 
ganism to utilize the hydrolysate, but it is not long enough to 
destroy completely the “eluate factor’ required by Lactobacillus 








TaBLe I 
Basal Medium 

7 per cent 
Peroxide-treated hydrolyzed casein.......................... ... 0.50 
. norit yeast filtrate (approximately)............. 0.15 

Tryptophane aa acbancuceses pete onbusds ED OEesoneehi renee 0.0075 
Cystine Ieee te ne ee ee et AIRS Be ..... 0.01 
Asparagine Peer eT (dex kneprip ends deals oe 0.02 
Glucose caiims ; <o'ba PENA i Ande iE es RN a oe 1.00 
Sodium acetate. ... Kine 00040 SNP h tg aa eel ee 1.00 

me. 

per cent 
Pyridoxine....... Pe TT ee ee 0.02 
INI I i's cvs. «0 di gscmm Re ean Haan oa ee 0.02 
Riboflavin i eens PP RIN INE 
Nicotinic acid pe eRe RSTE TS ON Re Sune ORO ean aie ee ee 
p-Aminobenzoic acid Byatt os .. 0.01 
Adenine Fa wtih es le axe eae ees .... 1.00 
| eT eee eee ee 1.00 


Mineral salts, 0.5 ml. each of Solutions A and B in 100 all. of medium 


TABLE II 
Stock Solution Mizture 


mil. 

Peroxide-treated hydrolyzed casein solution. ....................45. 200 
™ norit yeast filtrate solution a re eee 200 

Vitamin solution ae ea 4 
Adenine-guanine-cystine solution ices toate eae ee 
meg. 

Tryptophane ‘doe wists tin bite 96 A 
Asparagine er ee 


Distilled water to make a total volume of 1000 mal. 


casei € (6, 7). 640 gm. of Ba(OH).-8H,O, suspended in 400 ml. 
of boiling water, are added to the hydrolysate and the precipitated 
BaSO, is filtered off with Filter Cel. The filter cake is removed 
and thoroughly broken up in 500 ml. of hot water. The washings 
from the filter cake are added to the main filtrate. The pH of 


) 
f 


i 
b 
5 
i 














916 Microbiological Assay for Biotin 


the filtrate is adjusted to 3.0 with NaOH. The solution is then 
diluted to 1500 ml. with water and 15 ml. of superoxol’ are added. 
The solution is thoroughly stirred and allowed to stand for 24 
hours at room temperature (25-32°). The pH is then adjusted 
to 7.0 with NaOH and 1 per cent of powdered MnO, is added. 
The solution is mechanically stirred until no more oxygen is 
evolved (about 15 minutes), and filtered with suction. The 
filtrate is then diluted to 2000 ml. with water. 

Peroxide-Treated Norit Yeast Filtrate—20 gm. of Difco Bacto- 
yeast extract are dissolved in 1 liter of distilled water and the 
pH is adjusted to 2.0 with concentrated H,SO,. 4 gm. of norit A 
are added, and the adsorption is carried out at 55-60° with me- 
chanical stirring for half an hour. The norit is removed by filtra- 
tion with the aid of Filter Cel. The pH of the filtrate is adjusted 
to 3.0 with 10 n NaOH and the volume is made up to 1300 ml. 
with water. 13 ml. of superoxol are added, and the solution 
is allowed to stand at room temperature for 24 hours. The pH 
is then adjusted to 7.0 with 10 Nn NaOH, and 13 gm. of powdered 
MnO, are added. The solution is mechanically stirred until the 
evolution of oxygen ceases. The MnQ, is removed by suction 
filtration. The final volume should be about 1325 ml. 

Vitamin Solution—200 ml. of a stock solution containing 100 y 
of pyridoxine, 100 y of calcium pantothenate, 50 y of riboflavin, 
500 y of nicotinie acid, and 50 y of p-aminobenzoic acid per ml. 
are prepared. This solution is stored with added toluene in a 
refrigerator. 

Adenine-Guanine-Cystine Solution—1 liter of a stock solution 
containing 500 y per ml. of adenine, 500 y per ml. of guanine, 
and 1.0 mg. per ml. of cystine is prepared by dissolving these 
compounds in water with the addition of the least possible amount 
of H,SO, to effect solution. 

Mineral Salt Solutions—Solution A contains 25 gm. of K,HPO, 
and 25 gm. of KH2PQO, dissolved in 250 ml. of water. Solution B 
contains 10 gm. of MgSO,:7H,O, 0.5 gm. of NaCl, 0.5 gm. of 
FeSO,-7H,O, and 0.5 gm. of MnSO,-4H,O dissolved in 250 ml. 
of water. 


* Superoxol, 30 per cent H,O,, Merck and Company, Inc., Rahway, New 
Jersey. 
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Procedure 


5 ml. per tube of the stock solution mixture, prepared as de- 
scribed above, are used. The correct amount of this solution, 
depending on the number of tubes in the assay, is pipetted out 
and placed in a mixing cylinder. 0.1 gm. per tube each of an- 
hydrous glucose (c.p.) and anhydrous sodium acetate and 0.05 
ml. per tube of each of the mineral Solutions A and B are added, 
and the solution is thoroughly mixed. The pH of the complete 
biotin-free basal medium is then adjusted to 5.6. 5 ml. of this 
solution are then added to each assay tube. Solutions to be 
assayed and the biotin for the standard curve are next added to 
the tubes. The final volume in each tube is made up to 10 ml. 
with distilled water. 

It has been found desirable to use 19 X 150 mm. Board of 
Health tubes. The larger diameter of these tubes eliminates 
“blowing” and “wetting” of the plugs. 

The tubes are plugged with cotton and autoclaved for 15 
minutes at 120°. After cooling, the tubes are inoculated with 1 
drop of the inoculum prepared as described above. 

After inoculation the tubes are incubated for 3 days at 37°. 
After incubation the contents of each tube are titrated with 0.1 
N NaOH. Brom-thymol blue may be used as an indicator in 
this titration, but phenol red gives a better end-point. 


Standard Curve and Recoveries 


The biotin used in this assay for the standard curve was very 
kindly supplied us by Dr. Vincent du Vigneaud. We have been 
able to demonstrate on different samples of biotin-free acid and 
biotin methyl ester from various sources that the organism, Lacto- 
bacillus caset ¢«, is unable to utilize the methyl ester. By hy- 
drolyzing the methyl ester samples as described by du Vigneaud 
et al. (8) the full activity of the biotin was restored. Consequently, 
the biotin to be used as a standard for this assay should be in the 
form of the free acid. 

The range of biotin used for the calibration curve is from 40 
to 1000 micromicrograms per tube. A curve similar to the one 
illustrated in Fig. 1 is obtained by plotting the micromicrograms 
of biotin as abscissa and the ml. of 0.1 N NaOH used in titration 
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as ordinate. The extremities of the curve as a rule will give 
anomalous results; therefore, the samples to be run should be 





diluted so that their titers do not come at these extremities. 
































' 
ML. OF 
0.IN ALKALI 
10.0 
5.0 F- 
¢ 
0.0 
fe) 250 500 750 1000 
MICROMICROGRAMS OF BIOTIN | 
Fig. 1. Standard curve for assay 
TaBLe III | 
Recovery of Added Biotin 
Material Dilution Sample Biotin Biotin Caleu Value = Recove 
epee tii of final - added lated obtained aia 


dilution sample 


ml. per micromi- micromi- micromi- micromi- 


tube crograms crograms crograms crograms per cent 
Human :250 ml. 2.5 160 80 240 255 106 
urine 2.5 160 120 280 305 108 | 
2.5 160 160 320 330 103 
Pork liver 0.72 gm. per 1.0 60 80 140 145 103 
(dried) 250 ml.;l1to 1.0 60 120 180 192 106 
100 ml. 1.0 60 160 220 230 103 
Egg yolk , lgm. per 1000, 0.5 42 80 120 122 101 
(dried) ml.;l1to10 | 0.5 42 160 202 200 100 
ml. 


In Table III are listed the recoveries of biotin added to dif- 
ferent materials. As can be seen in the last column, the recoveries 
are all within 10 per cent. 
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Biotin Content of Biological Materials 


Snell, Eakin, and Williams (2) showed that biotin occurred 
in liver in a combined form from which it was released by hy- 
drolysis. Lampen, Bahler, and Peterson (9) in a recent paper 
have demonstrated that biotin occurs in a combined form in many 
materials. The optimum conditions of acid hydrolysis have also 
been studied by the latter group. 

With the exception of yeast extract, Curbay BG, Galen “B,’’ 
urine, and peptone, all of the materials listed in Table IV were 


TABLE IV 
Biotin Content of Some Biological Materials 
The results are given in millimicrograms per gm. of dry weight, except 
where indicated otherwise. 























Sample Assay 1 | Assay 2 | Assay 3 Mean 
Yeast extract.......... 1028 | 140 | 1081 1081 
Trypsinized liver 1850 1663 _ 1898 1804 
Curbay BG...........| 2050 | 2228 | 2122 2133 
Galen “B”...........| 373 | 364 | 992 376 
Human urine*........| 31.8 | 31.2 | 30.6 31.2 
Milk*.......... | wz | wa | 13.3 12.5 
Beef blood*...... 0.965 | 0.914 0.755 0.878 
Egg yolk..... | 681 681 757 706 
Malt sprouts ..| 188 153 153 153 
Corn easy 78.3 77.7 78.3 78.1 
Lean pork. . | 69.2 | 59.0 | 62.8 60.3 
Tomato als 432 | 425 432 430 
Carrot ee 164 152 161 
Peptone. ... | 169 146 154 156 








* Per ml. 


hydrolyzed in 3 N H.SO, for 1 hour at 120° in an autoclave. 
The H,SO, was removed with Ba(OH)., the BaSO, was washed 
thoroughly with water, and the volume of the filtrate adjusted 
in a volumetric flask. The materials not treated in this manner 
were either liquids or water-soluble products. The trypsinized 
liver! and Curbay BG? were autoclaved for 1 hour with 50 volumes 
of water at 120°. The yeast extract, Galen “B,’’* and peptone! 


3 Fermentation residue from the United States Industrial Aleohol Com- 
pany, New York. 
‘ Vitamin B complex from the Galen Company, Inc., Berkeley. 
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were merely taken into solution, and the appropriate dilutions 
were made from this solution. The urine was diluted directly 
and assayed. 

While previously published microbiological methods have usu- 
ally included a table of vitamin contents of various foods and 
natural products, the number of times the assay was repeated on 
a given sample has generally not been stated. In order to as- 
certain the accuracy of our assay and also to arrive at a more 
nearly correct value for the biotin content of the sample assayed, 
we have included each sample in three separate assays. From the 
values obtained in this manner for each sample, the mean value 
was calculated. 


SUMMARY 


A microbiological assay for biotin in which Lactobacillus casei ¢ 
is utilized has been described. 

The assay differs from other biotin assays in that the amount 
of biotin is calculated from the titratable acidity produced. 
Colored and turbid solutions can be assayed satisfactorily by 
this method. 

Recoveries of biotin added to different natural products indicate 
that the method has an accuracy of +10 per cent. 

The biotin content of some biological materials is given. Each 
of these samples was assayed three times at different intervals. 
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In 1930, Kay (6, 7) introduced a method for the quantitative 
determination of “alkaline’’ phosphatase activity of blood, 
employing sodium §-glycerophosphate as the substrate. Of the 
many modifications which have been introduced in which this 
substrate is employed, Bodansky’s (3, 4) method seems to have 
found the greatest usage because of its short incubation period 
and its accuracy. For our studies certain fundamental changes in 
the technique for the quantitative estimation of serum phosphatase 
activity and inorganic phosphate were necessary. Presented in 
this communication are procedures for the simultaneous deter- 
mination of serum inorganic phosphate and “acid” and “alkaline” 
phosphatase activity. The estimation of all three tests may be 
made on 0.40 cc. of serum in the macrotechnique, 0.06 cc. in the 
microtechnique. Only one photometric calibration curve or one 
set of phosphorus standards for visual colorimetry is required. 

The unit of phosphatase activity is defined here as follows: Each 
unit of serum phosphatase activity is equivalent to 1 mg. of phos- 
phorus as phosphate ion liberated during 1 hour of actual incuba- 
tion at 37° with a substrate containing sodium 6-glycerophosphate, 
hydrolysis not exceeding 10 per cent of the substrate; and at 


* A portion of the expenses of this project was defrayed by a grant from 
the Comly Fund. 

+t The material on the microtechnique contained in this paper is part of 
a thesis submitted by Miss Lois M. Jones in partial fulfilment of the re- 
quirements for the degree of Master of Arts. 
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optimum pH of the reaction mixture, for “‘acid,” 5.00 + 0.15 and 
for “alkaline,” 9.30 + 0.15. This definition is similar to that of 
Levene and Dillon (10) and that of Bodansky (4) for “alkaline” 
activity. However, it differs in the elimination from its calcula- 
tion of mathematical corrections for the interfering substances in 
the phosphorus determination and for variances in the incubation 
period, in its application to “‘acid’” phosphatase, and in its estima- 
tion at optimum pH. 


Reagents 


The reagents for the determination of inorganic phosphate 
are those of Kuttner, Cohen, and Lichtenstein (8, 9) with 
suggestions by Raymond and Levene (11) and Bodansky (2). 
That these must be most carefully prepared cannot be overempha- 
sized. The molybdic acid reagent is made up daily by adding 1 
part of 7.5 per cent sodium molybdate to 1 part of cold 10 N sul- 
furic acid with constant shaking. The dilute stannous chloride 
solution, prepared by adding 0.2 cc. of the stock reagent (6 gm. 
of SnCl,-2H,O plus 10 ee. of concentrated HCl, kept in the 
refrigerator) to 100 cc. of cold distilled water, is used within 4 
hours and is kept cold by means of an ice bath. Both of these 
solutions must be water-clear. For the “working” phosphate 
standard containing 2 y of P per ec., dilute 2 ec. of the stock phos- 
phate solution (0.4394 gm. of KH,PO, in 1 liter of distilled water) 
to 100 ce. 

The stock substrate is prepared as follows: Into a 500 ec. volu- 
metric flask introduce successively 15 cc. of petroleum ether (b.p. 
20-40°, J. T. Baker, Analyzed Special), about 400 cc. of water, 
5.0 gm. of sodium §-glycerophosphate (c.p., Eastman, C;Hs(OH):- 
NaPO;-54$H,0, mol. wt. 315), and 4.24 gm. of sodium diethyl bar- 
biturate (c.p., Merck, mol. wt. 206.1). Bring the aqueous level 
up to the 500 ec. mark with distilled water. Transfer to a glass- 
stoppered bottle containing about an inch layer of petroleum ether. 
This is kept in the refrigerator. 

For the preparation of ‘‘working”’ substrate carefully pipette 
into a 100 ec. volumetric flask containing 5 ce. of petroleum ether 
50 ec. of stock substrate. Add acid or alkali as indicated in 
Table I and bring the aqueous level up to the 100 ec. mark with 
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distilled water. Check the pH. These substrates are kept in the 
refrigerator. 

Macrotechnique—Obtain 1 to 2 cc. of unhemolyzed serum. If 
postponement of the test is desirable, place the serum in the 
freezing unit of the refrigerator. No increase in activity is noted 
in serum stored in this manner; a less than 5 per cent decrease is 
obtained at the end of 7 days. (This is in contrast to Bodansky’s 
(4) findings.) 

Add 1 part of serum (0.1 cc., minimum) to 10 parts of the proper 
substrate warmed to 37° (“total’’ phosphate). Incubate at this 
temperature for exactly 1 hour. 9 parts of 10 per cent trichloro- 
acetic acid are added to stop the enzyme action and to precipitate 
the proteins. At about the same time, to 1 part of serum (0.2 cc., 


TABLE I 
Acid or Base Added to Substrate 

















Substrate | ee Acid or base | £0.05 
Alkaline, A | 1.0 Macrotechnique 2.8 ec. 0.1 n NaOH | 10.9 
.- BB! 6s " rte "a2" * 10.6 
1.0 Microtechnique 
«“ cl @s a (18° @2* 10.4 
= D 0.1 Macrotechnique | 0.2 “0.1% “ 9.8 
0.1 Microtechnique 
Acid ‘Macro- and microtechnique| 5.0 “ 1.0 “ HOAe _ 5.0 


minimum) add 9 parts of trichloroacetic acid (inorganic phos- 
phate). Mix by inversion, and within 5 to 10 minutes after the 
addition of trichloroacetic acid centrifuge at about 2500 r.p.m. for 
19 minutes. Decant the clear supernatant fluid into clean tubes. 

To 1 ee. of “inorganic” protein-free fluid in a 25 ec. Erlenmeyer 
flask are added 5 ec. of 0.10 Nn NaOH. To 1 cc. or less of “total” 
phosphate protein-free fluid is added sufficient 0.05 n NaOH to 
make the total volume 6 cc. Add 2 ce. of molybdie acid with 
shaking to each flask as well as to a “blank” flask containing 6 cc. 
of water. Next add 2 cc. of dilute stannous chloride and make 
readings 6 minutes later. Since the color development begins 
with the addition of the reducing reagent, it is added to each of the 
flasks at definitely measured time intervals. 
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Microtechnique—Where venipuncture is considered inadvisable, 
as in serial studies on infants and on small animals, capillary blood 
may be collected from a deep puncture wound by use of a capsule 
(Fig. 1). When a firm clot is formed, loosen it with a fine stylet 
wire. For centrifugation the capsule is packed with cotton in a 
tube the size of which depends upon the number of capsules and 
centrifuged for 10 minutes at 1500 r.p.m. With a Sahli hemo- 
globin pipette, 0.02 cc. of serum is immediately measured into each 
of two 12 X 75 mm. tubes (Kahn serological tubes) containing 0.2 
ec. of water. The tests may be run at once or the tubes tightly 
corked and placed in a freezing tray. 

One tube of diluted serum (‘‘total’’ phosphate) is warmed to 37° 
in a water bath. To it is added 0.4 cc. of the proper substrate 
which has also been warmed to 37°. After 60 minutes, 0.4 cc. of 





OAcmDIAM. 
<—---5 
BLOOD 
[" ever 
3er. 
CAPILLARY 


Fig. 1. Blood-collecting capsule 


10 per cent trichloroacetic acid is added. To a second tube (inor- 
ganic phosphate) is added 0.4 cc. of distilled water instead of 
substrate. 0.4 cc. of 10 per cent trichloroacetic acid is added to 
this tube at the same time it is to the tube containing substrate. 
The tubes are centrifuged for 5 minutes at 2000 r.p.m. The re- 
sulting supernatant fluid, which should be water-clear, is decanted 
into another tube. 

0.5 ec. of protein-free fluid is placed in a 15 & 85 mm. test-tube 
(Kolmer serological tube) which is broad and permits rapid mixing 
while the reagents are being added. 0.7 ec. of 0.10 N sodium 
hydroxide is added, followed by 0.4 cc. of molybdic acid reagent. 
The tube is shaken during this addition and tapped afterwards to 
insure washing down any drops adhering to the sides of the tube. 
At the same time a “blank” is prepared by adding 0.4 cc. of 
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molybdie acid reagent to 1.2 ce. of double distilled water. When 
it is necessary to employ lesser quantities of protein-free fluid, 
owing to excessive phosphate concentration, the final volume 
before the addition of molybdie acid is made up to 1.2 cc. with 
0.05 n sodium hydroxide. At this point the solution in all the 
tubes should have a volume of 1.6 cc. and should be water-clear, 
with no trace of color. Then, 0.4 ce. of cold, dilute stannous 
chloride is added to each tube with the same precautions as in the 
addition of the molybdic acid. As in the macrotechnique, readings 
are made 6 minutes later. 

Colorimetry—The density of the color developed by the reduction 
of phosphomolybdic acid can be read on a photometer! or a spectro- 
photometer. With the former, employ a filter with a maximum 
transmission at approximately 600 my. Construct a calibration 
curve by pipetting 0, 2, 4, and 6 cc. of the “working” phosphate 
standard solution. Make the total volume up to 6 cc. with dis- 
tilled water. Add 2 cc. of molybdic acid, followed by 2 cc. of 
stannous chloride. These will give readings for 0, 4, 8, and 12 y 
of P. If desired, more points on the curve may be determined. 
The macro curve is applicable to the micro phosphate technique. 
With the instrument employed in this investigation, the phos- 
phorus concentration-galvanometer unit curve, plotted on semi- 
logarithmic graph paper, is linear. 

With a visual colorimeter, two standards containing 4 and 8 y 
of P, as well as a “blank,” are prepared. As in the photometric 
application, readings of the unknown are made 6 minutes after the 
addition of stannous chloride. Data from photometric studies on 
the relationship of time to color development show that satis- 
factory results can be obtained by comparison against 4 or 8 y 
standards, the color development time of which is not less than 4 
minutes nor more than 8 minutes. In other words, about eight 
unknown readings may be made with one set of standards. The 
standards described above for the macroprocedure are employed 
for the micro modification. With concentrations under 12 y of P 
in the macroprocedure and 2.4 y of P in the microprocedure, errors 


1 The Cenco-Sheard-Sanford photelometer was employed in this investi- 
gation. The orange filter is standard equipment. No special accessories 
were required for the microtechnique. Readings were made on a 2 cc. 
volume contained in a 10 cc. fused cell, 1 em. thick. 
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due to deviation from Beer’s law are slight when comparisons are 
made against the closest standard. 

Selection of Amounts of Serum and Protein-F ree Fluid—There are 
two limitations in the selection of the proper volume of serum or 
protein-free fluid to be employed in the test: First, the hydrolysis 
should not exceed 10 per cent of the substrate; second, the con- 
centration of phosphate should not exceed 12 y of P in the macro- 
or 2.4 y of P in the microprocedure. The procedures described in 
detail above are applicable to serum having “acid” or “alkaline” 
phosphatase activity of less than 24 units or 48 units when half 


TaBe II 
Selection of Volumes of Serum and Protein-Free Fluid at Various ‘‘Acid’”’ 
and ‘‘Alkaline’’ Phosphatase Activity Ranges; Calculation Factors 


Range of phos Calculation factors 
os- 


phatase activity Serum Protein-free fluid : 
Macrotechnique Microtechnique 
units volume volume m 
O- 24 1.00* 1.00T 2.00 2.04 
S— 48 1.00 0.50 4.00 4.08 
16— 96 0.50 0.50 8.00 8.16 
32-192 0.50 0.25 16.00 16.32 
160- 0.10 0.25 80.00 81.60 
Inorganic phosphate 1.00 1.00 2.04 


* 0.50 cc. of serum to 5.0 ce. of substrate (macrotechnique) ; 0.02 ce. of 
serum to 0.4 cc. of substrate (microtechnique). 

t 1.00 ec. of protein-free fluid (macrotechnique) ; 0.50 ec. of protein-free 
fluid (microtechnique). 


volumes of protein-free fluid are used. For sera having higher 
activities the various volumes to be employed are tabulated in 
Table II. Volume correction for a decreased amount of serum is 
made with distilled water. Approximation of high “alkaline” 
phosphatase activity may be made by employing smaller quanti- 
ties of protein-free fluid than are indicated in Table II. When 
the range is established, the proper substrate and volumes of sera 
and protein-free fluid are selected and the test repeated, if accurate 
results are desired. For “acid” phosphatase activity, one sub- 
strate suffices for varying volumes of serum. 
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Calculations 
The calculation factors in Table II are derived as follows: 


hii ieee 100 cc. serum 10 x 1 
aiculiation ee Sea —- = 
A B 1000 


where A is the serum equivalent (in cc.) in the actual volume of 
protein-free fluid used in the color development, and B is the final 
volume of the color solution. In the macrotechnique, the latter 
is 10 ce.; in the microtechnique, 2 cc. The 1/1000 is to convert 
micrograms to mg. Accordingly, the calculations for both macro- 
and microprocedures are greatly simplified. 

Serum Inorganic and “Total’’ Phosphate—Photometry (micro- 
grams of P from the macro calibration curve), micrograms of P 
xX calculation factor = inorganic or ‘‘total’’ phosphate in mg. of P 
per 100 cc.; visual colorimetry (micrograms of P in the macro 
standard), S/R X micrograms of P X calculation factor = inor- 
ganic or “total” phosphate in mg. of P per 100 cc. 

Serum “Acid” or “Alkaline”? Phosphatase Activity—‘‘Total” 
minus inorganic = units per 100 ec. 

Influence of Interfering Substances in Estimation of Inorganic 
Phosphate—Bodansky (2) found that errors up to 11 per cent 
in the estimation of inorganic phosphate can be attributed to 
varying quantities of glycerophosphate plus trichloroacetic acid 
in the protein-free filtrate. Application of his correction factors 
reduced this error to less than 2 per cent in phosphate concen- 
trations of 12 to 36 y of P. It was found in the investigation 

-reported here that 0.90 ec. of 10 per cent trichloroacetic acid and 
0.45 ce. of 10 per cent trichloroacetic acid plus 0.50 ec. of glycero- 
phosphate caused diminution in color intensity (range, 0.0 to 12 
of P) of approximately 7 and 4 per cent respectively. With lesser 
quantities of trichloroacetic acid plus glycerophosphate, the effects 
were correspondingly smaller. 

By reducing the acidity of the protein-free fluid in either the 
macro- or microtechnique with dilute alkali, the effects of trichloro- 
acetic acid and of trichloroacetic acid plus glycerophosphate in the 
diminution of color development were completely negated, thereby 
eliminating the use of several calibration curves or correction 
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tables. One calibration curve suffices, then, for the determination 
of serum inorganic phosphate as well as the “total” (inorganic 
plus hydrolysate) phosphate in both the macro- and microtech- 
niques. In solutions of known phosphate concentrations below 


TaBLe III 


pH and Serum or Plasma ‘‘Alkaline’’ Phosphatase Activity Obtained with 
Sodium B8-Glycerophosphate Substrate, As Determined 
by Various Investigators 


Tem- | Period 


Material tested Buffer pera- | of hy pH of reaction 


Investigators 


| 
| ture drolysis mixture 
Cc hrs. 
Kay (6) | Rat plasma | Glycine + NaOH | 38 48 | 8.8-9.1 (Op- 
| timum) 
| Human - ” 
| plasma 
| Rabbit a ” 
| plasma 
Roche (12) | Horse serum 38 19 9.0 (Opti- 
| Rabbit mum) 
serum 
Guinea pig | 
serum 
Bodansky (4)} Human Sodium diethyl | 37 | 4-1 | 8.6 (About) 
| serum barbiturate 
Belfanti, | Rabbit Sodium acetate +) 37 | 16 | 9.7 (Opti- 
Contardi, | serum sodium diethyl | mum) 
and Ercoli| Horse serum! barbiturate 9.5 (Opti- 
(1) mum) 
Woodard, | Human HCl + sodium di- , 37 | 4-2 | 8.2* (Ap- 
Twombly, | serum ethyl barbitu- proximate) 
and Coley | rate 
(14) NaOH + sodium 8.7* (Ap- 
diethyl _barbi- proximate) 


turate 


* Alkaline phosphatase activity was determined at pH 8.6 by inter- 
polation. 
12 y of P, the macrotechnique has an error of less than 1 per cent. 
In duplicate inorganic phosphate determinations on single serum 
specimens, the error is less than 3 per cent (on duplicate deter- 
minations on protein-free fluid the error is even less). With the 
microprocedure the actual error on serum is less than 4 per cent. 
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Optimum pH for Serum “Acid” and “Alkaline” Phosphatase 
Activity2—The pH of the reaction mixture in the determination of 
serum “alkaline”? phosphatase activity, with sodium #-glycero- 
phosphate substrate, as reported by various investigators is tabu- 
lated in Table III. In respect to serum “acid” phosphatase 
activity with this substrate, Gutman and Gutman (5) have pre- 
sented conclusive evidence that the optimum pH is 5.0. Woodard 
and Higinbotham (13) determined serum “acid” phosphatase 
activity at pH 6.4 in an unbuffered sodium 6-glycerophosphate 
substrate. In view of these slight but significant variances we 
have reinvestigated the serum phosphatase activity in both the 

mM @& 
NaOH 














— a 


7 &t ¥ 2 3S Se 


pH SUBSTRATE 25°C. 


Fig. 2. Titration curve of substrate (0.0206 m sodium diethyl! barbiturate 
and 0.0160 m sodium §-glycerophosphate); buffer capacities, d(B)/d(pH). 


“acid” and “alkaline” range, with particular reference to the 


latter. 

In Fig. 2 the data obtained by the titration on sodium 8-glycero- 
phosphate + sodium diethyl barbiturate are presented. Exami- 
nation of the curve demonstrates that the substrate is not a strong 


2 A glass electrode electrometer was employed for all pH determinations. 
The instrument was checked at different temperatures with Clark and Lubs 
buffer solutions at pH 4, 7, 9, and 10, and counterchecked against another 
electrometer. In control studies it was found that no change in pH was 
encountered during the 1 hour hydrolysis period. No hydrolysis was de- 
tected when the various substrates were incubated without the presence of 
serum ; likewise there was no significant change in the inorganic phosphate 
when serum was incubated in buffer solution (without sodium 8-glycero- 
phosphate) at various pH. 
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buffer especially on the alkaline side. The observed changes in 
pH obtained by adding serum to substrate are shown in Fig. 3. 
The pH of the substrate alone was determined at 25°; of serum- 


o | PART SERUM 10 


i6+ 10 PARTS SUBSTRATE %, 
roe nl D 6 
AT 25°C. 12% 
20 PARTS SUBSTRATE gk® 
MINUS a} > SERA 8, 
SUBSTRATE 8 
AT 37°C. 4 8 
- 
am. >» 








5 6 7 8 q oO 
pH SUBSTRATE 25°C. 


Fic. 3. Scatter diagram showing differences in the pH of the substrate 
at 25° and of the serum-substrate at 37°. 


28} . 
2a} 
20 
Ib | 

UNITS | 74) a 
\2 4 
8 


4} 





5 b 7 8 at 
pH SUBSTRATE-SERUM 37°C 
Fic. 4. pH-activity curves. Curve 1, normal human serum; Curves 
2, 3, 5, and 6, sera from cases of obstructive jaundice; Curve 4, serum from 
a case of carcinoma of the prostate metastatic to the bone. 10 parts of 
substrate (0.0206 m sodium diethyl! barbiturate and 0.0160 m sodium 8-glye- 
erophosphate) to 1 part of serum. 


substrate, at 37°, the hydrolysis temperature for the estimation of 
serum phosphatase activity. It must be noted that approxi- 
mately 30 per cent of the apparent lowering in pH in the higher 
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Serum ‘‘Alkaline’’ Phosphatase Activity alt pH 8.6 to pH 10.0 
The values below are in mg. of P hydrolyzed per 100 cc. in 1 hour; 0.0160 
m sodium 8-glycerophosphate, 0.0206 m sodium diethyl barbiturate. 





Serum 

No. 

| 
8.6 
| (@) 
ae? 
ee & 
3) 2 
4/3 
§ | 3. 
6/3 
7 | 3. 
8 | 3. 
9 | 4. 
10 | 4 
11 | 4 
12 | 4 
13 | 4. 
14 | 5. 
15 6 
16 | a: 
mw 1S. 
18 | 9. 
19 15. 
20 (26. 
Range 
Mean 


“Iw te 


a 


mM NaOH in substrate 


Pee ae ¥a5 | 


0.0004 
0.0008 
0.0012 
0.0016 
0.0020 
0.0024 
0.0028 
0.0032 
0.0036 
0.007 


Substrate pH at 25° 


(a) 
(c) 
elsizizgizigisisieiz 
2is S = b g S S = ben 
Substrate-serum pH at 37°* 
8.7 8&8 8.9 9.0 9.1 9.2 9.3 9.4 95 | 10.0 
(b) (c) 
3.4 0.65 
4.5 0.51 
4.7 0.57 
.0 5.0 6.3 0.48 
2 5.8 0.55 
5 5.5 0.63 
7 5.7 0.65 
9 6.9 0.56 
l 6.9 0.59 
.114.8) 5.6) 6.7) 7.1) 7.9) 7.9) 7.9) 7.9) 7.3) 2.110.52 
4 6.7 8.4 0.52 
6 7.4 9.0 0.51 
9 7.5 0.65 
0 8.6 0.58 
11.0 12.6 0.52 
0 11.0 13.8 0.51 
49.611.012.013.013.814.414.013.813.0 3.40.60 
0 14.2 0.63 
2 20.0 0.767 
3 35.5 0.74f 


(d) 
(c) 


0.80 


0.90 
0.80 
0.82 


0.88 
0.80 
0.93 


..... 0.48-0. 65/0. 80-0.93 


0.85 





* pH to the nearest 0.05; 1 part of serum to 10 parts of substrate. 


t Not 


included in the mean. 


alkaline range is due to the difference in temperature. 
of serum on the pH of the substrate decreases with the pH; at 


The effect 
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pH 5 the effect is negligible. When 1 part of either fresh or pre- 
served serum is added to 10 parts of substrate at pH 10.8 to 10.9 
at 25°, the pH at 37° of the final reaction mixture is between 9.2 
and 9.4. The effect of adding 1 part of serum to 20 parts of sub- 
strate is appreciably less. Results obtained here point out the 
variations in pH of the final reaction mixture which can be ob- 
served due to even slight deviations in the pH of “alkaline” sub- 
strate or in the proportion of serum added. 

It is evident from the six pH-activity curves in Fig. 4 that the 
serum “alkaline” phosphatase activity is highest in the pH range 
of 9.1 to 9.7, and that the slopes of the pH-activity curve on either 
side of this range are very steep. At approximately pH 7.5 and 
10.5 there is very little ‘alkaline’ phosphatase activity under the 
conditions of our experiments. The optimum pH for serum 
“acid”’ phosphatase activity as revealed by Curve 4 is about pH 5. 
This is in agreement with the work of Gutman and Gutman (5). 
A more detailed study in the pH range 8.6 to 10.0 of “alkaline” 
phosphatase activity is presented in Table IV. From the data 
on Sera 10 and 17 in Table IV and by interpolation of the curves 
in Fig. 4, it has been definitely shown that the optimum phosphatase 
activity is obtained when the substrate-serum reaction mixture 
has a pH of 9.3 + 0.15 at 37°. Experiments on eighteen sera (see 
Table IV) show that 48 to 65 per cent of the optimum “alkaline” 
phosphatase activity is obtained at pH 8.6 in sera of less than 15 
units; in sera with higher activity the differences at the optimum 
and pH 8.6 become less. At pH 8.6 a deviation of 0.1 pH unit 
will cause a change in the phosphatase activity of about 14 per 
cent; at pH 9.3, a similar deviation will cause a change of only 
3 per cent. 


Results 


The actual analytical error by either the macro- or microtech- 
nique for the estimation of phosphatase activity is less than 5 per 
cent in sera of normal or high activity. Normal values for “alka 
line’ phosphatase in adults range from 2.2 to 8.6 units. Results 
of our investigation of the serum “acid”’ phosphatase, the details 
of which will be presented elsewhere, indicated a range of 0.0 to 1.1 
units per 100 cc. in twenty healthy adult subjects and in 140 
control patients. In cases of proved carcinoma of the prostate 
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metastatic to the bone, “acid” phosphatase activity of 1.2 to 31.7 
units was obtained. 


SUMMARY 


Micro and macro photometric techniques are described for se- 


rum inorganic phosphate and “acid” and “alkaline” phosphatase 
activity. Sodium 8-glycerophosphate is the substrate used. On 
this basis the unit of phosphatase activity for both enzymes is 


comparable. 
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SERUM INORGANIC PHOSPHATE AND “ALKALINE” 
PHOSPHATASE ACTIVITY IN HYPOPHYSEC- 
TOMIZED RATS* 


By LOIS M. JONES ann GEORGE Y. SHINOWARA 


(From the Department of Pathology and the Laboratories of the University 
Hospital, College of Medicine, The Ohio State University, Columbus) 


(Received for publication, November 17, 1941) 


In 1932, Thompson and Collip (11) in a review of the influence 
of the endocrine glands on the calcium and inorganic phosphate 
content of blood serum made no mention of the pituitary. Since 
that time several observations suggest that it should be considered 
also. Schour and van Dyke (7) found significant defects of cal- 
cification of the teeth of hypophysectomized rats which were cor- 
rected more or less completely by replacement therapy. Pugsley 
and Anderson (6) found that the negative calcium balance of hypo- 
physectomized rats maintained on a low calcium diet could be 
changed to a positive balance by the administration of anterior 
pituitary growth hormone. 

Mortimer (5) presented a thorough radiological investigation of 
the effect of hypophysectomy and hormone administration upon 
the bones of the rat using the skull for particular study. Hether- 
ington and Weil (3) employing the same experimental animal 
found that hypophysectomy resulted in a negative calcium bal- 
ance, while phosphorus was reduced but maintained a positive 
balance. Snyder and Tweedy (10) in 1941, using both rats and 
guinea pigs, found a slight increase in inorganic phosphate with no 
change in calcium following daily injections of alkaline anterior 
pituitary preparations. 

In 1935 a case of acromegaly in which there was an increased uri- 
nary excretion of calcium accompanied by marked osteoporosis was 
described by Scriver and Bryan (8). Bauer and Aub (1) (1941) 


* A portion of the expenses of this project was defrayed by grants from 
the Comly Fund and the McNeil Laboratories. 
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in reporting calcium-phosphorus metabolism studies on five cases 
of acromegaly conclude that “the pituitary gland must be con- 
sidered as one of the factors capable of altering calcium and phos- 
phorus metabolism.” 


TABLE I 


Serum “‘Alkaline’’ Phosphatase Activity and Inorganic Phosphate in 
Hypophysectomized and Control Rats 














Weight Alkaline phosphatase Inorganic phosphate 
Date = i 
Range Average Range Average Range Average 
gm. em. unils unils Pen ao na eas 
Apr. 3* | C., H.f| 140-155 | 150 20— 55 40 |4.8-6.8 5.5 
a C. 160-180 170 49— 73 | 69 | 6.2-7.0! 6.7 
H. 137-144 141 49-85 | 72 | 4.2-5.8| 5.0 
+. C. 167-184 176 56-76 | 68 | 6.8-8.7| 7.4 
H. 135-142 138 55-144 113 4.4-5.2 | 4.6 
28 C. 187-200 192 64— 94 75 6.8-8.7 7.6 
H. 130-140 | 134 | 85-154 | 109 | 3.8-4.4| 4.2 
May 6 C. 189-205 197 57— 98 78 | 6.2-6.8 | 6.3 
H. 125-140 130 60-130 109 | 3.6-4.4 4.0 
a C. 193-210 | 203 57- 81 77 | 6.8-8.3 | 7.6 
H. 122-142 129 82-181 114 | §.2-6.2/ 5.6 
20 C. 202-223 | 210 63- 89 74 «5.8-7.4)| 6.4 
H. 122-142 132 80-163 123 | 4.0-8.0 | 5.7 
re C. 208-225 | 212 
H. 120-141 129 79-194 128 5.0-6.4 5.4 
June 16 C. 2 rats 49, 78 64 7.0,8.3 | 7.6 
H. mer 110-130 122 | 4.04.8 4.4 





+ C. represents a control group of six rats; H. a hypophysectomized 
group of eight rats. 


Recently “alkaline”? phosphatase activity of blood serum has 
come to be recognized as a valuable supplement to calcium and 
inorganic phosphate determinations. The present study was 
undertaken to follow the effect of hypophysectomy upon phospha- 
tase activity and inorganic phosphate concentration in the blood 
of the white rat. 
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EXPERIMENTAL 


The animals used were laboratory white female rats from three 
litters. The first litter contained six, three of which were hypo- 
physectomized when 84 days old; the second contained five, three 
of which were operated on when 83 days old; the third litter con- 
tained three, two of which were hypophysectomized when 70 days 
old. This gave a total of eight hypophysectomized animals and 
six controls. Stock diet! and water were given ad libitum and 
approximately 20 ec. of milk fed each animal daily. 

Records were kept of the weight changes for each animal. The 
control rats gained approximately 70 gm. each; the hypophysec- 
tomized animals all showed a slight loss. At intervals approxi- 




















TaBLeE II 
Chemical Findings at Autopsy 
‘ | “Alka- | 
: Serum | 
+. | line” | Cal- | Total | F 
Rat No.* | phospha- = cium peti CaP Remarks 
units per i pct cont per cent | 
| 
H-131 110 4.4 | 10.0 | 6.57 | 1.92 | Hypophysectomy complete 
H-135 | 125 4.8 | 13.1 | 5.12 | 1.77 | 
H-138 130 4.0 10.3 5.75 1.65 | o ” 
C-131 49 7.0 | 9.4 | 6.20 | 1.76 
C-135 | 78 | 8.3 | 9.7 | 6.15 | 1.87 


* H indicates the animal was hypophysectomaised; C represents control. 


mately 0.2 cc. of blood was obtained from the tail by means of a 
small collecting capsule. Phosphatase activity and inorganic 
phosphate determinations were made on this blood by a micro- 
procedure previously described (9). The values obtained by av- 
eraging the results of the phosphatase and inorganic phosphate 
determinations for each group are given in Table I. 

Five animals (two control, three operated) were sacrificed 70 
days after hypophysectomy. Blood chemistry studies included 
serum calcium (Tisdall (12)) and total protein (Kagen (4)). Com- 
pleteness of hypophysectomy was confirmed by examination of 

1 The stock diet consisted of yellow corn-meal 67 per cent, linseed oil 


meal 12 per cent, casein with arginine 16 per cent, alfalfa meal 3 per cent, 
sodium chloride 1 per cent, and calcium carbonate 1 per cent. 
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the sella. The femur was analyzed for the Ca:P ratio. The data 
obtained are given in Table IT. 
DISCUSSION 

The elevation of the alkaline phosphatase activity of eight hypo- 
physectomized rats was definitely greater than that of six control 
litter mates. The study involved 111 determinations over a 10 
week period. The individuals within both groups showed marked 
differences in phosphatase activity (Table I). This individual 
variation was also noted by Chen, Freeman, and Ivy (2) in a series 
of analyses of rat serum and tissue phosphatase activity. Since 
the controls were from the same litters as the hypophysectomized 
animals, comparison of the averages for each group was made, 
This comparison shows the average in the hypophysectomized 
group to be 20 to 96 per cent higher than that of the controls, 
which is a significant difference. The explanation of this differ- 
ence will require additional investigation. 

The rise of phosphatase activity in the control group may be 
related to growth. During the test period each of these animals 
gained approximately 70 gm. in weight. The rats in thisinvestiga- 
tion were observed from about the age of 70 days to 154 days. 
Weil (14) found a rise in plasma phosphatase activity during 
growth of normal rats from birth to 44 days. 

The lowered inorganic phosphate of the hypophysectomized 
group confirms the reported findings of Hetherington and Weil (3) 
and Snyder and Tweedy (10). This reduced phosphate is clearly 
shown by the serial determinations. Here again individual differ- 
ences are found as in the phosphatase activity. This wide range 
of values illustrates how some of the contradictory findings re- 
ported may have arisen (13). <A difference in calcium was sug- 
gested by the five determinations done at autopsy. Serial deter- 
minations would be essential to follow the calcium and phosphate 
changes in relation to each other. 

On gross examination the bones of the hypophysectomized 
groups were found to be smaller and thinner. This was very 
marked in the skull and has been described in detail by Mortimer 
(5). The Ca:P ratio, however, did not reveal any chemical differ- 
ence between the two groups of animals (Table IT). 
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SUMMARY 


1. Eight hypophysectomized rats were found to have an eleva- 
tion of phosphatase activity above that obtained for six control 
litter mates. This elevation persisted for at least 10 weeks after 
operation. 

2. The inorganic phosphate level of the control animals remained 
consistently above that of the hypophysectomized group. 

3. At the end of 10 weeks the serum calcium of three of the 
hypophysectomized animals was higher than that of two controls. 


We are indebted to Dr. T. S. Sutton, Department of Animal 
Husbandry, for providing us with the animals used for this study 
and the stock diet fed during the experimental period, and to Dr. 
H. L. Reinhart, Pathologist of the University Hospital, for his 
criticisms and suggestions. 
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STUDIES ON THE HEMORRHAGIC SWEET CLOVER 
DISEASE 


VII. THE EFFECT OF 3,3’-METHYLENEBIS(4-HYDROXYCOUMARIN) 
ON THE PROTHROMBIN TIME OF THE PLASMA OF 
VARIOUS ANIMALS* 


By RALPH 8S. OVERMAN, MARK ARNOLD STAHMANN, WILLIAM 
R. SULLIVAN, CHARLES FERDINAND HUEBNER, HAROLD A. 
CAMPBELL, anp KARL PAUL LINK 


(From the Department of Biochemistry, Wisconsin Agricultural Experiment 
Station, University of Wisconsin, Madison) 


(Received for publication, December 1, 1941) 


This communication deals with the effect of 3 ,3’-methylenebis- 
(4-hydroxycoumarin), the hemorrhagic and anticoagulant agent 
present in spoiled sweet clover hay, on the prothrombin time of 
the plasma of various animals (1-6). Detailed dosage responses 
for susceptible rabbits are given, as well as representative responses 
to single dosage levels for rats, guinea pigs, and dogs. The studies 
with susceptible rabbits and other animals have shown that the 
extent and duration of the hypoprothrombinemia, as reflected by 
the increase in the clotting time of 12.5 per cent plasma, are func- 
tions of the amount of 3 ,3’-methylenebis(4-hydroxycoumarin) fed. 

In the bioassay developed for our work on the isolation and 
identification of the anticoagulant,t the extent of the diminution 
of the prothrombin level in the plasma of rabbit blood was ex- 
pressed by the relative clotting index (2). This value is the ratio 

* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. Personnel and supply assistance since July 1, 
1938, in part through the Natural Science Research Project No. 65-1-53- 
2349 of the Federal Works Progress Administration (Madison) and since 
July 1, 1940, through special grants from the Graduate Research Commit- 
tee of the University, Office of Dean E. B. Fred. 

+t The term anticoagulant is used in the general sense that 3,3’-methyl- 
enebis(4-hydroxycoumarin) is an agent which, after action in vivo, im- 
pairs or prevents the coagulation of blood. It does not affect the clotting 
power when added in vitro to blood or plasma ((2) p. 12, (4) p. 26). 
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of the concentration of the normal plasma, in the concentration 
range of 12.5 to 8.34 per cent, to the concentration of the pathic 
plasma,' in the range 25 to 8.34 per cent, which would give the 
same clotting time. Physiologically active hays or concentrates 
prepared therefrom give relative clotting indices of less than 1.0. 
The problem of biological variation in the assay rabbits was met 
by using only individually standardized susceptible rabbits whose 
relative clotting indices fell below 0.60 after they had eaten 50 gm. 
of the standard sample of spoiled sweet clover hay (2, 3). By 
comparing the pathic plasma with plasma from the same animal 
in the normal state, the assay was placed on a strictly differential 
basis. This eliminated the necessity of obtaining absolute pro- 
thrombin values. 

After the 3 ,3’-methylenebis(4-hydroxycoumarin) became avail- 
able in quantity, it was found that the feeding of more than 3.0 
mg. in a single dose to our susceptible rabbits resulted in pathic 
plasmas whose clotting times, within the concentration range of 
25 to 8.34 per cent plasma, could not be matched with the clotting 
time of normal plasma in the 12.5 to 8.34 per cent concentration 
range. Therefore the use of the relative clotting index as a means 
of expressing the responses reported in this study was abandoned 
in favor of simply indicating the clotting time of the pathic plasma 
at the 12.5 per cent concentration. The use of the relative 
clotting index is, however, advantageous in the standardization 
of susceptible rabbits, and for dosage studies in the lower ranges. 
The plasma concentration of 12.5 per cent (1 part of plasma, 7 
parts of saline solution) was selected in part for reasons previously 
stated ((2) pp. 7-9) and for others which will follow in the dis- 
cussion. 

The prothrombin time obtained with susceptible rabbits is given 
for the range 0.37 to 6.0 mg. of the hemorrhagic agent. In the 
discussion, the mendelian situation encountered in the rabbit is 
considered in the light of the response of resistant rabbits to 
continued feeding of high levels of the 3,3’-methylenebis(4-hy- 
droxycoumarin) and administration by injection. It is shown 
that rabbits classified as resistant on the basis of the standardiza- 











1 By pathic plasma we mean plasma in which the prothrombin level (er 
activity) has been altered from the normal by the hemorrhagic agent (see 
(2) p. 1). 
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tion procedure will respond to the 3,3’-methylenebis(4-hydroxy- 
coumarin) when it is injected intravenously as the disodium salt. 

Representative prothrombin times for one dosage level are given 
for the rat, guinea pig, and dog. The detectable dosage is indi- 
‘ated as well as the effect of single massive feedings. 

It should be emphasized (a) that the prothrombin time of 12.5 
per cent plasma will indicate the onset of the hypoprothrombinemia 
before changes in the prothrombin time of whole plasma are ob- 
served, (b) that the whole blood clotting times will usually be 
unaffected when the reduction in the prothrombin level or activity 
becomes detectable, and (c) that the hemorrhagic condition char- 
acteristic of the sweet clover disease does not appear unless the 
3,3’-methylenebis(4-hydroxycoumarin) is fed or injected con- 
tinuously over a period of time. 

In the discussion there is considered among other things, our 
point of view on the vexing question of translating plasma clotting 
times into percentage prothrombin on the basis of the dilution 
curve principle. We have also indicated the general plan of our 
synthetical studies on the analogues of 3,3’-methylenebis(4-hy- 
droxycoumarin) and its derivatives. 


EXPERIMENTAL 


Dosage Studies with Standardized Susceptible Rabbits—The 
method of standardizing the individual rabbits and determining 
the clotting time (prothrombin time) of the plasma has already 
been given in detail (2). The rabbits were in good physical con- 
dition, 2 to 3 years old, and weighed about 2.5 kilos. The selec- 
tion of the individuals was made on the basis of uniformity of 
response to 50 gm. of the standard spoiled hay sample, and to 2.5 
mg. of the pure 3,3’-methylenebis(4-hydroxycoumarin) (relative 
clotting indices 0.50 to 0.30). 

Extensive preliminary studies indicated that when less than 
0.38 mg. of the hemorrhagic agent was fed, a demonstrable in- 
crease in the clotting time could not be established. Quantities 
above 6.0 mg. gave more prolonged clotting times, but there was 
a much greater variation in the response of the individual animals. 
Therefore, levels up to 6.0 mg. were fed to each rabbit and the in- 
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crease in clotting time of the 12.5 per cent plasma was measured 
at definite intervals after feeding until the normal clotting time 
was restored. An 8 to 10 day rest period was allowed after the 
restoration of normal clotting times. 

The 3,3’-methylenebis(4-hydroxycoumarin) was prepared for 
oral administration by weighing directly into hard gelatin cap- 
sules. The anticoagulant was fed at the levels of 0.37, 0.75, 1.5, 
3.0, and 6.0 mg. Each level was fed to six rabbits and each rabbit 
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CLOTTING TIME IN SECONDS OF 12.5% PLASMA 


Fig. 1. The effect of feeding different levels of 3,3’-methylenebis(4- 
hydroxycoumarin) on the prothrombin time of susceptible rabbits (average 
curves for six animals). 


received all levels. The order of feeding the levels was arranged 
so that a possible effect by the previous feedings could be detected, 
but no such effect was observed. 

The rabbits were given only water for 24 to 36 hours before 
administration of the dose and only water thereafter until the 
prothrombin times were normal. Blood samples were drawn at 
regular intervals and the prothrombin times determined. The 
average prothrombin time of the group for each dosage level is 
indicated in Fig. 1. 

Dosage Studies with Other Animals—Although we have accumu- 
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Fia. 2. The effect of feeding 3,3’-methylenebis(4-hydroxycoumarin) on 
the prothrombin time of rats and guinea pigs. Average curve of the clot- 
ting time of 12.5 per cent plasma for rats fed 2.5 mg. and of whole plasma 
from guinea pigs fed 10.0 mg. 
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Fic. 3. The effect of feeding 50 mg. of 3,3’-methylenebis(4-hydroxy- 
coumarin) on the prothrombin time of 5 kilo dogs. 


lated many data on the response of rats, guinea pigs, and dogs to 
3,3’-methylenebis(4-hydroxycoumarin), for the purpose of this 
communication it will suffice to record the response to a single 
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level for each species.2 The responses of the rat to 2.5 mg. and 
the guinea pig to 10 mg. are given in Fig. 2, and the response of 
dogs to 50 mg. (oral administration) is given in Fig. 3. The rats 
were fasted 12 hours prior to feeding the anticoagulant mixed in 
the standard ration, but access to the stock ration was allowed 
thereafter. The guinea pigs’ and dogs were fasted 24 hours, then 
fed the anticoagulant in capsules, and given access to their respec- 
tive standard rations. The blood samples from the rats and guinea 
pigs were taken by heart puncture, while those from the dogs were 
obtained by venipuncture. 
DISCUSSION 

Response of Susceptible Rabbits—Fig. 1 shows that, when 3 ,3’- 
methylenebis(4-hydroxycoumarin) is fed to standardized suscepti- 
ble rabbits with approximately the same relative clotting indices, 
the increase in clotting time (extent of the hypoprothrombinemia) 
and the period required for the restoration of normal clotting 
values are functions of the dosage level. 

The average normal clotting time of the 12.5 per cent plasma 
of the six rabbits was 27 seconds with a standard deviation of the 
mean of 1.0 second. The average maximum clotting time re- 
sulting from the administration of 0.37 mg. of the anticoagulant 
was 32 seconds with a deviation of 1.7 seconds. The 6.0 mg. level 
produced an average maximum clotting time of 84 seconds, with 
a deviation of 12 seconds. Within the range of 0.37 to 6.0 mg., 
the maximum increase in clotting time is almost proportional to 
the dosage level. Although dosage levels above 6.0 mg. give 
slightly higher maximum clotting times, the increase is not propor- 
tional to the increase in dosage. 

The prothrombin time of one of the animals given 6.0 mg. of 


? The relationship between clotting time of normal and pathic plasma 
of 12.5 per cent concentration after feeding the 3,3’-methylenebis(4-hy- 
droxycoumarin) to the rabbit, rat, and dog under our conditions are the 
following: normal rabbit plasma 25 to 35 seconds, pathic after feeding 2.5 
mg. 60 to 70 seconds; normal rat plasma 35 to 45 seconds, after feeding 2.5 
mg. 90 to 115 seconds; normal dog plasma 25 to 35 seconds, after feeding 50 
mg. 90 to 110 seconds. 

* The thromboplastin used was prepared from the brain of the guinea 
pig by the method given previously for rabbit brain (2). 
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the anticoagulant was normal 3 days after administration, while 
the normal clotting time in another was not restored until the 
lith day. The other animals showed normal clotting times 
between these time limits. 

This wide variation in the maximum clotting times and in the 
period required for the restoration of normal values holds only 
for the high dosage levels. At the lower levels all the animals 
returned to normal in approximately the same time. It would 
appear that the individual variation between the test animals 
exhibited at the higher dosage levels is due in part to variations 
in absorption of the anticoagulant. 

Response of Resistant Rabbits—It has been indicated previously 
that the marked variation in the susceptibility of some rabbits to 
the hemorrhagic agent is inherited as a mendelian character and 
that the resistance exhibited by other individuals is not an absolute 
but a relative resistance ((2) p. 15, (3)). The following experi- 
ments will serve to illustrate this point. A group of rabbits 
classified as resistant on the basis of our standardization procedure 
showed no response to four successive daily feedings of 10 mg. of 
the hemorrhagic agent. They were then fed a ration of U.S. No. 
| Extra Leafy Extra Green alfalfa hay and the stock grain mixture 
ad libitum. 1 mg. of the crystalline 3 ,3’-methylenebis(4-hydroxy- 
coumarin) was given daily via capsule for 30 days. Prothrombin 
times were determined at 3 day intervals on the 12.5 per cent 
plasma. No hypoprothrombinemia developed. 10 mg. of the 
anticoagulant were then fed each day for 14 days. No response 
was observed. Then the dosage level was increased to 25 mg. per 
day for 10 days and again no response was noted. Finally 50 
mg. of the 3,3’-methylenebis(4-hydroxycoumarin) were fed to 
some of the rabbits and in others 10 mg. of the disodium salt were 
injected intravenously. Hypoprothrombinemia was then ob- 
served in some of the rabbits fed the 50 mg. dose and in ail of the 
rabbits that received the anticoagulant by injection (Fig. 4). It 
is therefore quite probable that hypoprothrombinemia can be 
induced in any rabbit, irrespective of the resistance shown with 

‘The addition of bile salts to facilitate absorption in these trials was 
without effect. 
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oral administration, if the 3 ,3’-methylenebis(4-hydroxycoumarin) 
be injected in sufficiently large doses.® 

It appears that the tremendous variation between individual 
rabbits in their response to oral administration of 3 ,3’-methylene- 
bis(4-hydroxycoumarin) is, at least in part, associated with a 
variation in their ability to absorb the substance from the digestive 
tract. Forthcoming communications will deal with the influence 
of l-ascorbie acid, and certain antihemorrhagic agents on the 
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Fig. 4. The effect of feeding and injecting 3,3’-methylenebis(4-hydroxy- 
coumarin) on the prothrombin time of resistant rabbits. 


anticoagulant action of 3 ,3’-methylenebis(4-hydroxycoumarin) in 
the rabbit and the rat. 

Response of Rats and Guinea Pigs—In contrast to the rabbit, 
no indications of relative resistance to the prothrombin-inactivat- 


5 Solutions for injection are prepared by dissolving 10.0 gm. of 3,3’- 
methylenebis(4-hydroxycoumarin) in 1.0 liter of water containing 2.86 gm. 
of sodium hydroxide. After the anticoagulant has dissolved, 1.3 gm. of 
sodium sulfite are added to stabilize the solution. The final pH of such 
solutions will be between 10.5 and 11.5. Sterilization by filtration through 
a Seitz E. K. filter and storage in sealed ampules at 5° are recommended. 

* It is recorded that the horse does not develop the hemorrhagic sweet 
clover disease from the eating of spoiled sweet clover hay (7). 
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ing properties of the 3,3’-methylenebis(4-hydroxycoumarin) have 
been observed in rats, guinea pigs, and dogs. All of the rats used 
to date (over 400) have responded to a single feeding of 2.5 mg.’ 
The detectable dose is about 1.0 mg. 10 mg. fed to rats on each 
of 3 consecutive days caused a drastic prolongation in the clotting 
time, but the animals survived. In the rat the hypoprothrom- 
binemia attains a maximum more quickly (24 hours instead of 72) 
after a single dose, and is of shorter duration than in the rabbit. 
Guinea pigs show a clotting time curve similar to that of the rat. 
On a mg. per kilo of body weight basis the rat is much less sensitive 
to the 3,3’-methylenebis(4-hydroxycoumarin) than the rabbit. 
Response of Dog to 3 ,3'-Methylenebis(4-hydroxycoumarin)—The 
increase in the clotting time produced by feeding the hemorrhagic 
agent to dogs is quite similar to that realized with the rabbit in 
that the effect of a single dose is prolonged over a period of days 
(Figs. 1 and 3). Variations in the response of different dogs to a 
given dose have been observed, but up to the present we have not 
had the time and facilities to conduct extensive dosage studies 
comparable to those made with susceptible rabbits. With 8 to 10 
kilo dogs the effect of one 10 mg. dose (by mouth) is detectable by 
our method of assay. 10, 25, and 50 mg. have been fed daily for 
10 days to 2 weeks with no detectable effects except the hypopro- 
thrombinemia. The responses are essentially the same in fasting 
and in fed animals. All dogs tested to date have survived single 
massive feedings (1.0 gm. per kilo of body weight). Absorption 
of 3,3’-methylenebis(4-hydroxycoumarin) from the tract of the 
dog seems to be incomplete. Two 6 kilo dogs were fed 200 mg. 
doses every 12 hours along with a standard diet until they suc- 
cumbed on the 6th day. Their feces and urine were collected 
during this period. From the combined feces 0.58 gm. of 3,3’- 
methylenebis(4-hydroxycoumarin), m.p. 288-289°, was recovered 
by a procedure based in principle on the method of extraction used 


7 Based, in the main, on studies dealing with the response of the rat to 
3,3’-methylenebis(4-hydroxycoumarin), conducted jointly with our col- 
leagues Dr. Carl Baumann and Mr. J. B. Field, which will appear later. 

§ Confirmed by Dr. O. O. Meyer and Dr. J. B. Bingham at the Wisconsin 
General Hospital and by the work of Dr. H. R. Butt and associates at the 
Mayo Clinic. 
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in the isolation work on spoiled sweet clover hay (1-3). The 
quantity of 3,3’-methylenebis(4-hydroxycoumarin) recovered is 
equivalent to approximately 15 per cent of the amount fed. The 
urine was likewise investigated, but was found to be free from the 
3,3’-methylenebis(4-hydroxycoumarin) both on the basis of the 
isolation technique and the bioassay (2). This observation, in 
conjunction with the tolerance of individual animals to massive 
single feedings of 3 ,3’-methylenebis(4-hydroxycoumarin) and the 
greatly increased effect when equivalent amounts are administered 
by injection, indicates that in the dog absorption of this material 
from the tract is not complete. Studies on the fate of the 3,3’- 
methylenebis(4-hydroxycoumarin) in the animal body are in 
progress. 

The characteristic lesions as seen in the hemorrhagic sweet 
clover disease of ruminants (7) were induced in these dogs.° 

3 ,3’-Methylenebis(4-hydroxycoumarin) and Percentage of Pro- 
thrombin Depletion Estimated by Dilution Curve Principle —Quick 
(8) has estimated the percentage of prothrombin by determining 
from a dilution curve the concentration of recalcified normal 
plasma which has the same clotting time as the whole pathic plasma 
(see also (2) Figs. | and 2, pp. 8-10). The concentration of normal 
plasma is considered to be equivalent to the percentage prothrom- 
bin of the plasma being appraised. 

Fig. 5 shows the average clotting time of oxalated plasmas when 
serially diluted with saline solution with the addition of throm- 
boplastin and calcium chloride. The normal curve represents an 
average of normal rabbit plasmas, while the pathic curve represents 
an average of plasmas obtained 72 hours after feeding 6.0 mg. of 
3 ,3’-methylenebis(4-hydroxycoumarin). It is evident from Fig. 5 
that the dilution curve of the pathic plasmas differs from the 
normal in two respects. The whole plasma clotting time has been 
greatly increased and less dilution is required to effect a marked 
(corresponding) increase in the clotting time. The extent of the 
aforementioned changes in the pathic plasma is dependent on the 
quantity of 3,3’-methylenebis(4-hydroxycoumarin) fed. How- 
ever, it is to be noted that the curve obtained by diluting the 

® We are indebted to our colleague, Mr. H. B. Parry, M.R.C.V.S., Com- 


monwealth Scholar from Cambridge, England, for making the postmortem 
examinations on these animals. 




















Overman, Stahmann, Sullivan, Huebner, 951 
Campbell, and Link 


pathic plasmas is not superimposable on the normal plasma 
curve by a shift of the axis. 

The latter fact, along with the previously mentioned instability 
of the pathic plasmas (rapid inactivation on standing and greater 
heat lability ((2) p. 11)), makes it appear plausible that the effect 
of the action of the 3,3’-methylenebis(4-hydroxycoumarin) is 
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Fig. 5. The effect of dilution on the prothrombin time of normal rabbit 
plasma and of pathic plasma obtained 72 hours after feeding 6.0 mg. of 
3,3’-methylenebis(4-hydroxycoumarin). 


perhaps not restricted to a disturbance in the integrity of the 
prothrombin mechanism. 

When the plasma dilution curve principle was applied to the 
estimation of the prothrombin content of the pathic plasmas, it 
was found that the concentration of the plasma on which the 
clotting time was taken affected the results. If the prothrombin 
content of whole pathic plasma is estimated by referring to the 
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dilution curve of the normal plasma, a much lower value (per- 
centage) is obtained than if the estimation is made from the 
clotting time of the diluted pathic plasma. This can be illus- 
trated by the following example. 

The average clotting time of the undiluted plasma of susceptible 
rabbits 72 hours after feeding 6.0 mg. of 3,3’-methylenebis(4- 
hydroxycoumarin) was 60 seconds. Since this corresponds to the 
clotting time of a normal plasma at 5 per cent concentration, the 
prothrombin level would be estimated at 5 per cent of normal. 
However, with the 12.5 per cent plasma as the standard of com- 
parison,’ the clotting time of the diluted pathic plasma, at 80 
seconds, corresponds to the clotting time of a 33 per cent concen- 
tration of the 12.5 per cent normal plasma (4 per cent concentration 
of whole plasma). Therefore, on the basis of diluted plasmas, the 
prothrombin would be estimated at 33 per cent of normal. 

In view of this difficulty in translating plasma clotting times 
into per cent prothrombin, we have chosen to express the results 
presented in this communication by the clotting time of recalcified 
12.5 per cent plasma. It would appear that the plasma dilution 
at which the final clotting time is measured will affect the value 
of any method based on the clotting time of normal diluted plasma. 

The point at which hemorrhage begins in the various hypopro- 
thrombinemias, as judged by the plasma prothrombin time, is 
a matter of much debate (8-14). We prefer not to become 
involved in the controversy and would like to call to the attention 
of the prothrombin specialists the following. It has been observed 
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that dogs with a whole plasma prothrombin time of approximately | 
10 minutes induced by a single large dose of 3 ,3’-methylenebis(4- 
hydroxycoumarin) showed no tendency to hemorrhage.'' The 
same observation has been made on rats and rabbits having | 


prothrombin times in excess of 250 seconds (12.5 per cent plasma). 
The fact that hemorrhage does not accompany these drastic 
reductions in the prothrombin levels resulting from a single dose 


1° Assigning to the prothrombin content of 12.5 per cent plasmathe value 
of 100 per cent of normal. } 
1! This observation has been substantiated by Dr. H. R. Butt and asso- 
ciates (personal communication to K. P. L., May 27, 1941), ‘‘A dog given 
100 mg. per day (oral) showed a whole plasma prothrombin clotting time 
of 35-45 minutes, the prothrombin percentage being nearly zero.”’ 
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suggests that the onset of the bleeding tendency in the hemorrhagic 
sweet clover disease involves more than a simple suspension of 
normal prothrombin levels or activity.” 

Relation of Structure in the 3 ,3’-M ethylenebis(4-hydroxycoumarin) 
Group to Physiological Activity—Since April, 1940, we have been 
cognizant of the fact that the capacity to induce the hypopro- 
thrombinemia which characterizes the hemorrhagic sweet clover 
disease is not restricted to the compound found in nature. In 
view of the structure of 3,3’-methylenebis(4-hydroxycoumarin) 
opportunity is afforded to synthesize analogues wherein substitu- 
tion has been effected on (1) the methylene carbon atom, a; (2) 
the benzene rings, b, b’; and (3) esterification of the hydroxyl 
group on the a-pyrone rings, c, c’. In addition our studies have 
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3, 3’-Methylenebis(4-hydroxycoumarin) 


included various 3-substituted 4-hydroxycoumarins, as well as 
degradation products obtained from 3,3’-methylenebis(4-hy- 
droxycoumarin) and 4-hydroxycoumarin. 

Since June, 1940, a squad of workers headed by Dr. Mark A. 
Stahmann (Mr. C. F. Huebner, Mr. W. R. Sullivan, Mr. R. 8. 
Overman, Mr. D. G. Doherty, Dr. I. A. Wolff, and Dr. 8. A. 
Karjala) has prepared more than 150 compounds, many of them 
analogues of the parent product (vide ut supra), and others repre- 
senting structures in part related. 

This study has already led to over forty compounds with pro- 
thrombin-reducing properties (susceptible rabbits as the test 
animals). In view of the pitfalls that are inherent in the pre- 


12 Preliminary studies on the action of 3,3’-methylenebis(4-hydroxy- 
coumarin) in man have been reported by Bingham, Meyer, and Pohle (15) 
and Butt, Allen, and Bollman (16). 
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mature publication of any study dealing with the relationship of 
molecular structure to physiological activity, and to avoid lost 
motion, we shall be glad to disclose to those interested the present 
status of our work and the plans for the immediate future, since 
publication will be withheld until the activity of each compound 
has been established by repeated testing at several dosage levels. 


SUMMARY 


1. The response of susceptible rabbits to the feeding of 3,3’- 
methylenebis(4-hydroxycoumarin) for the range 0.37 to 6.0 mg., 
as measured by the increase in the clotting time of 12.5 per cent 
plasma, and the period of prolonged coagulation are given. 

2. Representative responses of rats, guinea pigs, and dogs to 
single dosage levels are presented. 

3. It is shown that rabbits classified as resistant to 3 ,3’-methyl- 
enebis(4-hydroxycoumarin) on the basis of limited oral feeding 
develop hypoprothrombinemia when the substance is injected 
intravenously or fed in large doses. 

4. The clotting time of progressively diluted normal plasma and 
similarly diluted plasma obtained after the administration of 
3,3’-methylenebis(4-hydroxycoumarin) is discussed in relation to 
the extent of prothrombin depletion. 

5. The hypoprothrombinemia caused by 3,3’-methylenebis(4- 
hydroxycoumarin) can also be induced by some of its analogues 
and derivatives. 


A special acknowledgment is due my colleague and former pupil, 
Dr. R. J. Dimler, whose critical faculty and objective outlook 
have been of the greatest service in conjunction with our studies 
on the hemorrhagic sweet clover disease (K. P. L.). 
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A SUPPLEMENTARY GROWTH FACTOR FOR 
LACTOBACILLUS CASEI* 
Sirs: 

In routine assays for pantothenic acid by the method of Pen- 
nington et al.,' it was found that the slope, b, of the dose-response 
curve tended to be greater when rice polishings concentrate? was 
assayed than when pure calcium pantothenate was used. 

Quantities of the rice polishings concentrate larger than those 
usually used in an assay promoted acid production by Lacto- 
bacillus casei well beyond the amounts formerly considered 
maximum; 7.e., between 9 and 10 ml. of 0.1 N acid in 72 hours of 
incubation. The maximum titrations obtained were 20 to 23 ml. 
with 400 mg. or more of rice polishings concentrate per 10 ml. of 





TaBLe I 
Substance tested No. of cases | Mean slope, b* | “error af mean 
Calcium pantothenate. . ven 8 8. 04 | +0.28 
Rice polishings esnestiiahe eee 23 9.17 | 0.15 


*b is the slope of a » ctvalahe line relating the legarithen of the dese and 
ml. of 0.1 N acid produced in 72 hours of incubation. The difference be- 
tween mean slopes is significant (¢ = 3.655 and P is <0.01). 


medium. The effect of increased acid production was not removed 
by one treatment of the concentrate with fullers’ earth at pH 4. 
The sugar content of the preparation accounts for only a small 
fraction, if any, of the increased acid production. The factor 
we are concerned with seems to be present in much smaller con- 
centration in two commercial yeast concentrates; it could not be 
demonstrated in yeast extract (Difco, Bacto) which has been used 


* The authors wish to acknowledge the cooperation and advice of Dr. 
L. Reiner, Scientific Director of the Burroughs Wellcome and Company, 
U.S. A., Experimental Research Laboratories. 

1 Pennington, D., Snell, E. E., and Williams, R. J., J. Biol. Chem., 
135, 213 (1940). 

2 Ryzamin-B, Burroughs Wellcome and Company (U.S. A.), Inc. 
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as a component of the basal medium and as a source of growth 
factors for Lactobacillus casei.8 

When rice polishings concentrate is autoclaved in NaOH at 
pH 12, 15 pounds, for 30 minutes, the supplementary growth 
factor is destroyed. Under these conditions the factor appears to 
be more labile than the pantothenic acid present in the concen- 
trate. Only about one-half of the supplementary effect is removed 
by incubation overnight at 50° with taka-diastase. This fact 


TaBLe II 
Substance tested po geen wa produced in 
72 hrs. 
me ml. 
Rice polishings concentrate..... 24 10.4 
= - ” 96 12.2 
“ si Meena’ 384 19.8 
” ” i treated with fullers’ 
earth....... cated ni, esi toiee — 384 21.1 
Dextrose, levulose, and sucrose... 100 each 11.9 
+ Calcium pantothenate ” 0.1 ™ 
Calcium pantothenate controls , 0.1 9.2 
Rice polishings concentrate, autoclaved 192 9.3 
«“ «“ «“ «“ 192 | “2 
+ Calcium pantothenate 0.1 a 
Rice polishings concentrate, treated with 100 mg. 
taka-diastase. .. 400 15.8 
Rice polishings concentrate, untreated.... 400 20.9 


as well as the absence of any increased acid production when 
wheat flour was tested suggests that the substance in question is 
different from that mentioned by Scott et al.‘ 

Further work is being directed toward characterization and 
separation of the factor supposed to be responsible for the en- 
hanced acid production. 


Control Laboratories Miriam F. CLARKE 
Burroughs Wellcome and Company (U.S. A.), Inc. Marte Lecuycka 
Tuckahoe, New York Amos E. Liacut 


Received for publication, December 30, 1941 





3 Snell, E. E., and Peterson, W. H., J. Bact., 39, 273 (1940). 
*Seott, M. L., Randall, F. E., and Hessel, F. H., J. Biol. Chem., 141, 
325 (1941). 











CRYSTALLINE PREPARATION OF CARBONIC ANHYDRASE 
Sirs: 

Reports have recently been made concerning the purification! 
and certain properties of carbonic anhydrase. Further attempts 
to purify the enzyme preparation by means of inorganic salts or 
with various solvents met with little success and it therefore 
seemed possible that the product had a degree of purity approach- 
ing that of a pure substance. Attempts to crystallize the enzyme 
by means of the various inorganic salts commonly used in the 
crystallization of enzymes were unsuccessful. Accordingly, other 
means were sought. The enzyme preparation was unstable in 
40 per cent ethyl alcohol and insoluble in 60 per cent ethyl alco- 
hol. It was thought that this instability and insolubility in alco- 
hol might be due to a small amount of inorganic salts in the 
enzyme preparation. Attempts were made to reduce the content 
of inorganic material in the following manner. 

To a concentrated solution of enzyme a small amount of dipotas- 
sium hydrogen phosphate was added, followed by the addition 
of aleohol to a concentration of 30 per cent. This solution was 
thoroughly shaken with chloroform and placed in the refrigerator 
overnight. During this time a small amount of foreign protein 
separated. The mixture was centrifuged and the supernatant 
alcoholic solution of enzyme again shaken with chloroform. After 
standing overnight the mixture was centrifuged. The alcoholic 
enzyme solution was removed and dialyzed for 48 hours against 
distilled water. The aqueous enzyme solution thus obtained was 
dried in vacuo. The dried material contained approximately 
10,000 units of enzyme per mg. This enzyme preparation was 
completely soluble in 99 per cent ethyl alcohol and in such a solu- 
tion was stable for 24 hours at room temperature. To crystallize 
the enzyme from this alcoholic solution ether was added to 33 
per cent concentration, producing a faint opalescence, and dry 

1 Scott, D. A., and Mendive, J. R., J. Biol. Chem., 189, 661 (1941). 

2 Scott, D. A., and Mendive, J. R., J. Biol. Chem., 140, 445 (1941). 
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ammonia gas was bubbled through the solution until saturation 
with ammonia was attained. These operations were carried out 
in an ice bath. Within 5 hours 80 per cent of the enzyme activity 
was found in the crystalline precipitate which had settled to the 
bottom of the liquid. On standing overnight, over 90 per cent 
yields of crystalline carbonic anhydrase have been regularly 
obtained. Examined under the microscope these precipitates 
appear to be completely crystalline. The crystals are thin 
plates which when standing on their edge present a needle-like 
appearance. Attempts to dry the crystals without causing a 
destruction of enzyme activity have thus far failed. 

Experiments are in progress to determine what part, if any, 
zinc may play in the crystallization. Other chemical and physical 
properties of the crystalline enzyme are being determined. 
Connaught Laboratories D. A. Scorr 


University of Toronto 
Toronto, Canada 


Received for publication, December 8, 1941 











THE CONCENTRATION OF THE SUBSTANCE IN BLOOD 
WHICH IS STIMULATORY FOR LACTOBACILLUS 
CASEI « 


Sirs: 


In a recent publication! it was reported that the recovery of 
riboflavin added to certain mammalian bloods as determined by 
the Snell and Strong microbiological method? was somewhat too 
high. It was later shown that alkaline photolyzed human blood 
also gave high recoveries in the riboflavin assay,’ and that alkaline 
autoclaved suspensions of fresh liver gave anomalous results when 
assayed for pantothenic acid by the microbiological method.‘ 
Furthermore, various fat-soluble compounds have been found to 
stimulate Lactobacillus casei «, and ether extraction has been 
recommended for samples which are to be subjected to microbio- 
logical assay for riboflavin or pantothenic acid.5 

Fat-soluble preparations which simulate the stimulatory action 
of blood have now been obtained from beef and dog bloods by 
continuous ether extraction. Further purification was ac- 
complished by partitioning between ether and water and between 
dilute alcohol and petroleum ether. Typical preparations showed 
marked stimulation at a level of approximately 75 Y per 10 cc. of 
medium. As estimated from the stimulatory effect of whole 
blood and of photolyzed blood the active material was concen- 
trated 500 to 1000 times. A large part of the original activity 
was retained in the concentrates. 


1 Strong, F. M., Feeney, R. E., Moore, B., and Parsons, H. T., J. Biol, 
Chem., 187, 363 (1941). 

? Snell, E. E., and Strong, F. M., Ind. and Eng. Chem., Anal. Ed., 11, 
346 (1939). 

* Eckardt, R. E., Gyérgy, P., and Johnson, L. V., Proc. Soc. Exp. Biol. 
and Med., 46, 405 (1941). 

‘ Strong, F. M., Feeney, R. E., and Earle, A., Ind. and Eng. Chem., Anal. 
Ed., 18, 566 (1941). 

5 Bauernfeind, J. C., Sotier, A. L., and Barreff, C. 8., Atlantic City meet- 
ing of the American Chemical Society, Abstracts, Division of Biological 
Chemistry, p. 34, September, 1941. 
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The degree of stimulation was estimated by determining the 
apparent riboflavin by the Snell-Strong procedure when 0.17 
of riboflavin and varying amounts of the above preparations were 
added to the assay tubes. Recoveries of 200 per cent and over 
have been observed. An even greater stimulation was found in 
the assay for pantothenic acid. Two levels of a particular prepa- 
ration gave riboflavin recoveries of 135 and 187 per cent, and 
pantothenic acid recoveries of 235 and 255 per cent. Several 
fold higher levels caused inhibition. 

The active material was stable to autoclaving for 20 minutes 
in 0.5 N alkali or in 0.5 N acid, but was destroyed by autoclaving 
for 12 hours in 26 per cent hydrochloric acid. It was soluble in 
ether, petroleum ether, and alcohol, and was removed from blood 
by continuous ether extractions at pH 1.5, 7.3, or 10. It appeared 
in the filtrate after the blood proteins were precipitated with 80 
per cent alcohol. No crystalline preparations have been obtained. 

The stimulatory material appeared to be absent from or present 
in low concentrations or in an inactive form in liver, yeast, milk, 
and urine. However, an alcoholic extract of whole fresh liver 
when hydrolyzed with alkali was strongly inhibitory. The nature 
of this active material and its possible relationship to the blood 
stimulant are being investigated. 


Department of Biochemistry R. E. FEENEY 
University of Wisconsin F. M. SrronG 
Madison 
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INOSITOL, A CONSTITUENT OF A BRAIN PHOSPHATIDE 
Sirs: 


By the use of a recently developed method! it was found that 
phosphatides both from brain and spinal cord contained inositol. 
Brain cephalin? was found to be especially rich in it. When brain 
cephalin was fractionated by precipitation from CHCl; solution 
by increasing concentrations of alcohol,’ followed by dialysis of 
the fractions, inositol was found only in the fraction least soluble in 
alcohol. Both phosphatidyl serine‘ and the fraction most soluble 
in alcohol were practically free of it. This evidence pointed to the 
existence of a new phosphatide in which inositol was a constituent. 
Inositol-containing phosphatides have been reported in tubercle 
bacilli’ and in soy beans,® but have not been found previously in 
animal tissues. 

The following facts showed that inositol was chemically com- 
bined in the lipid: (1) By microbiological assay the intact lipid 
was only one-twentieth as active as its hydrolytic products; 
(2) added inositol could be removed by dialysis, leaving the inositol 
content of the phosphatide unchanged; and (3) reaction of HIO,? 
with the lipid showed no free inositol. 

The phosphatide fraction obtained by the methods indicated 
above was a friable white powder containing 4.5 per cent P and 
about | per cent N, all of itamino N. Various preparations con- 
tained from 6.8 to 8.6 per cent inositol. It represented about 
one-fourth of brain cephalin, or 0.4 per cent of the net weight of 
the brain. By other methods preparations have been obtained 
which contained up to 10 per cent inositol. 


' Woolley, D. W., J. Biol. Chem., 140, 453 (1941). 

2? Thudichum, J. L. W., A treatise on the chemical constitution of the 
brain, London (1884). 

$ Folch, J., Proc. Am. Soc. Biol. Chem., in press (1942). 

‘ Folch, J., J. Biol. Chem., 189, 973 (1941). 

® Anderson, R. J., J. Am. Chem. Soc., 62, 1607 (1930). 

® Klenk, E., and Sakai, R., Z. physiol. Chem., 268, 33 (1939). 

7 Malaprade, L., Bull. Soc. chim., 1, 833 (1934). 
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Finally inositol was isolated by the following procedure. An 
aqueous emulsion of 3.5 gm. of the fraction (containing 6.8 per 
cent inositol) was precipitated by adding HCl up to 3 n concentra- 
tion and the washed precipitate was hydrolyzed for 48 hours with 
boiling 6 N HCl. The hydrolysate was filtered and the filtrate 
treated with Ag,O and HS in succession and finally concentrated 
and treated with 6 volumes of alcohol. Crystals formed which 
were collected after 10 days and recrystallized once from alcoholic 
HCl and once from alcohol, and finally dried at 100° in a vacuum. 
The yield was 140 mg.; m.p. 217.6° (uncorrected) ; mixed m.p. with 
inositol, 217.6° (uncorrected). Found, C 39.98, H 6.80 (corrected 
for 2.1 per cent ash). The hexaacetate was prepared; m.p. 
211-213° (uncorrected); mixed m.p. with inositol hexaacetate, 
211-213° (uncorrected). By microbiological assay the crystals 
were 100 per cent mesoinositol within the limit of error of the 
method. 


The Rockefeller Institute for Medical Research Jorpi Foucu 
New York D. W. WooLLey 
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and McLean, 467 
Muscle, distribution, FEichelberger 
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Treadwell, Groothuis, and Eck- 


stein, 653 
Ceric sulfate: Lactic acid determina- 
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Cystinuria: Hess and Sullivan, 3 

Cytochrome: c, determination, Potter 


and DuBois, 417 
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Stark, 569 
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Dibenzanthracene: Tissue vitamin A, 


effect, Baumann, Foster, and 
Moore, 597 
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Diodrast: Blood, determination, 
colorimetric, Flor, Pitesky, and 
Alving, 147 
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Flox, Pitesky, and Alving, 147 
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Scholander, Irving, and Grinnell, 
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Drop analysis: Quantitative, Tomp- 
kins and Kirk, 477 
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tion, Woolley and Longsworth, 
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Winter, 17 
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treated rats, dietary fat effect, 
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Winter, 17 | 
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normal and anemic rats, Schultze, 
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Ferriprotoporphyrin: Nitrogenous de- 
rivatives, cyanide reaction with, 
Drabkin, 855 
Fructose: Blood, determination, ska- 
tole color reaction in, Reinecke, 


487 
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Gas: Tissue, determination, Scho- 
lander, 427 
Globulin: See also Lactoglobulin, 
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Glucose: Blood pantothenic acid, 
administration effect, Wright, 
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Stark and Somogyi, 579 
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tion, Vennesland, Solomon, Bu- 
chanan, and Hastings, 379 
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Overman, Stahmann, Sullivan, 
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plex, Abrams, Altschul, and Hog- 
ness, 303 
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relation, Smythe, 387 
Hydroxybutyric acid: 8-, acetoacetic 
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Primates, Friedemann, 635 
Hydroxyglutamic acid: Milk proteins, 
Nicolet and Shinn, 139 
Hypophysectomy: Blood serum in- 
organic phosphate, effect, Jones 
and Shinowara, 935 
phosphatase, alkaline, effect, 

Jones and Shinowara, 935 
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Inositol: Brain phosphatide, Folch 
and Woolley, 963 
Intestine: Hydrogen ion concentra- 
tion, calcium and_ phosphorus 


utilization, relation, Jones 557 


Nucleophosphatase, tobacco mo- 
saic virus, action, Cohen and 
Stanley, 863 


See also Jejunum 
Iodate: Determination, micro-, pho- 
toelectric, Sendroy and Alving, 
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Iodide(s): Blood, determination, | Lactogenic hormone: Reducing 
colorimetric, Floz, Pitesky, and groups, thiols, effect, Fraenkel- 
Alving, 147 Conrat, 119 


Urine, determination, colorimetric, 
Floz, Pitesky, and Alving, 147 
Iodine: Blood, fractionation, alcohol, 
Boyd and Clarke, 619 
Determination, micro-, photoelec- 
tric, Sendroy and Alving, 159 
Thyroid gland, metabolism, Mann, 
Leblond, and Warren, 905 


Iron: Determination, spectrophoto- | 


metric, Koenig and Johnson, 233 
—,-—,mereaptoacetic acid use, | 
Koenig and Johnson, 233 | 
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Jejunum: Secretions, acid-base bal- 
ance, McGee and Hastings, 893 
—, carbon dioxide tension, McGee 


and Hastings, 893 

K 
Ketosis: Mammary gland acetone 
body metabolism, effect, Shaw, 
53 
Primates, Friedemann, 635 
Kidney: Phosphatases, separation, 
Perlmann and Ferry, 513 
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Lactation: Mammary gland, acetone 
body metabolism, ketosis effect, 
Shaw, 53 

Lactic acid: Determination, micro- 
diffusion, ceric sulfate use, Win- 
451 

carbon- 


nick, 

Metabolism, radioactive 
containing, Vennesland, Solomon, 
Buchanan, Cramer, and Hastings, 


371 

Lactobacillus casei: €, stimulatory 
substance, blood, Feeney and 
Strong, 961 


Growth factor, Clarke, Lechycka, 
and Light, 


Thiol compounds, effect, Fraenkel- 
Conrat, Simpson, and Evans, 
107 
Lactoglobulin: 8-, hydrogen ion disso- 
ciation curve, Cannan, Palmer, 
and Kibrick, 803 
Lancefield: Group A hemolytic strep- 
tococcus, antigenic structure, 
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Zittle and Harris, 823 
| ——-—-—, specific polysaccharide, 
purification and properties, Zittle 
and Harris, 823 
Lead: Poisoning, lead citrate complex 


ion, réle, Kety, 181 
| Lead citrate: Ion complex, lead 
poisoning, réle, Kety, 181 


Leucine: /(—)-, solubility, Stoddard 
and Dunn, 329 
—, specific rotation, Stoddard and 
Dunn, 329 
| Lichenin: Oats, Morris, 881 
| Lipid(s): Blood, overnutrition effect, 
Entenman and Chaikoff, 129 
Liver, dietary casein, cystine, and 
methionine, effect, Treadwell, 
Groothuis, and Eckstein, 653 
Metabolism, nutrition state, rela- 

tion, Entenman and Chaikoff, 
129 

Phospho-. See Phospholipid 

Lipoprotein(s): Chargaff, 491 
Liver: Calcium distribution, Fichel- 
berger and McLean, 467 
Cysteine utilization, hydrogen sul- 
fide production, relation, Smythe, 
387 
Cystine utilization, hydrogen sul- 
fide production, relation, Smythe, 


387 

Injury, fat metabolism, effect, 
Winter, 17 
Lipid, dietary casein, cystine, and 
methionine, effect, Treadwell, 
Groothuis, and Eckstein, 653 
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Liver—continued: 
Magnesium distribution, Fichel- 
berger and McLean, 467 


Pyruvie acid dissimilation, carbon 
dioxide fixation, Wood, Werkman, 


Hemingway, and Nier, 31 
M 
Magnesium: Liver, distribution, 


Eichelberger and McLean, 467 


Muscle, distribution, Fichelberger 


and McLean, 467 
Maltose: Fermentation, alkaline solu- 
tions, Stark and Somogyi, 579 


Mammary gland: Lactating, acetone 
body metabolism, ketosis effect, 


Shaw, 53 
Meigs, Edward Browning: Obituary, 
Howe, l 


Mercaptoacetic acid: Iron determina- 
tion, spectrophotometric, use in, 
Koenig and Johnson, 233 

Methionine: Determination, gravi- 
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Dietary, liver lipid, effect, Tread- 


well, Groothuis, and Eckstein, 
653 
Peanut proteins, Brown, 299 


Methyl arachidonate: Spectroscopy, 
Mowry, Brode, and Brown, 671 
Methylenebis (4 - hydroxycoumarin): 
3,3’-, blood plasma prothrombin, 
effect, Overman, Stahmann, Sulli- 
van, Huebner, Campbell, and 
Link, 941 
Milk: Biotin isolation, Melville, Hof- 


mann, Hague, and du Vigneaud, 
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Proteins, hydroxyglutamiec acid, 
Nicolet and Shinn, 139 
Mosaic: Tobacco, virus, intestine 
nucleophosphatase action, Cohen 
and Stanley, 863 
Muscle: Calcium distribution, Hichel- 
berger and Mc Lean, 467 
Magnesium distribution, Fichel- 


berger and McLean, 467 
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Muscle—continued: 
Phosphorylase, crystalline, Green, 
Cori, and Cori, 447 
Seal, metabolism, diving effect, 
Scholander, Irving, and Grinnell, 
431 

N 
Nicotinic acid: Metabolism, Huff and 
Perlzweig, 401 
Synthesis, rat, Huff and Perlzweig, 
401 


Nitrogen: Total, determination, dif- 


fusion method, Tompkins and 
Kirk, 477 
Nucleophosphatase: Intestine, to- 
bacco mosaic virus, action, Co- 
hen and Stanley, 863 


Nucleotide(s): Triphosphopyridine, 


determination, micro-, J//laas, 
Harrer, and Hogness, 835 
Nutrition: Lipid metabolism, rela- 
tion, Entenman and Chaikoff, 
129 

See also Overnutrition 
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' Oat(s): Araban, Morris, SX] 
Lichenin, Morris, SSI 
Obituary: Meigs, Edward Browning, 
Howe, l 
Overnutrition: Blood lipids, effect, 
Entenman and Chaikoff, 129 
Oxidase: Succin-, system, dilution 


effects, Potter and Schneider, 543 

, riboflavin deficiency, Axelrod, 

Potter, and Elvehjem, 85 
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Pancreas: Amylase, Little and Cald- 
well, 585 
Pantothenic acid: Blood, glucose ad- 
ministration effect, Wright, 445 


Urine, Silber and U'nna, 623 
Papilloma: Virus protein, rabbit, 
electrophoresis, Sharp, Taylor, 
Beard, and Beard, 193 
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Peanut: Proteins, threonine, serine, 
cystine, and methionine, Brown, 
299 

Peptide(s): Stoddard and Dunn, 329 
Periodate: Threonine determination, 
microdiffusion, use in, Winnick, 


461 

Peroxidase: Cytochrome c, Abrams, 
Altschul, and Hogness, 303 
-Hydrogen peroxide complex, 
Abrams, Altschul, and Hogness, 
303 


Phosphatase(s): Acid, blood serum, 
determination, Shinowara, Jones, 
and Reinhart, 921 

Alkaline, blood serum, determina- 





tion, Shinowara, Jones, and Rein- 
hart, 921 
—,—-—, hypophysectomy _ effect, | 
Jones and Shinowara, 935 | 
Kidney, separation, Perlmann and 
Ferry, 513 


Nucleo-, intestine, tobacco mosaic 
virus, action, Cohen and Stanley, 


863 
Phosphates) : Inorganic, blood 
serum, determination, Shino- | 


wara, Jones, and Reinhart, 921 


—, hypophysectomy _ effect, 
Jones and Shinowara, 935 
Phosphatide(s): Brain, inositol, Folch 
and Woolley, 963 | 


Phospholipid(s): Ether - insoluble, 
blood and tissues, Sinclair and | 
Dolan, 659 | 

Phosphorus: fermentation 
by Streptococcus faecalis, trans- 


Glucose 


formation, O’ Kane and Umbrett, 


25 
Utilization, intestine hydrogen ion 
concentration relation, Jones, 
557 | 
Phosphorus compound(s): Egg yolk, 
formation, Chargaff, 505 


Phosphorylase: Crystalline, muscle, | 
Green, Cori, and Cori, 447 | 
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Phosphorylase—continued: 
Starch, potato, Green and Stumpf, 
355 
Polysaccharide(s): Hemolytic strep- 
tococcus, Lancefield Group A- 
specific, purification and proper- 


ties, Zittle and Harris, 823 
Porphyrin: Ferriproto-, nitrogenous 
derivatives, cyanide reaction 
with, Drabkin, 855 
Proto-, IX, feces, normal and 


anemic rats, isolation, Schulize, 

89 

Porphyrindin: Reactivity, proteins, 
denatured, presence, Greenstein 


and Jenrette, 175 
Potato: Starch phosphorylase, Green 
and Stumpf, 355 


Pregnancy: Urine, allopregnanol-3(8)- 
one-20 isolation, Pearlman, Pin- 
cus, and Werthessen, 649 

—, gonadotropic hormone, Lund- 
gren, Gurin, Bachman, and Wil- 
son, 367 

Pregnanol-3(8)-one-20: Allo-, urine, 
pregnancy, isolation, Pearlman, 
Pincus, and Werthessen, 649 

Primate(s): Blood 8-hydroxybutyric 
to acetoacetic acid ratio, Friede- 
mann, 635 

Ketosis, Friedemann, 635 
Urine-8-hydroxybutyric to aceto- 
acetic acid ratio, Friedemann, 
635 

Protein(s): Ammonia formation, 
alkaline solution, Warner and 
Cannan, 725 

Blood serum, _ electrophoresis, 
Sharp, Cooper, and Neurath, 203 
Carbon suboxide and, Tracy and 


Ross, 871 
—-—-—,reaction, nature, Tracy 
and Ross, 871 


Denaturation and reversal, Neu- 
rath, Cooper, and Erickson, 
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Protein(s)—continued: 

Denatured, porphyrindin reactivity 
in presence, Greenstein and Jen- 
retle, 175 

Electrophoresis, boundary spread, 
Sharp, Hebb, Taylor, and Beard, 


217 

Lipo-, Chargaff, 491 
Milk, hydroxyglutamie acid, Nico- 
let and Shinn, 139 
Peanut, threonine, serine, cystine, 
and methionine, Brown, 299 
Serine, alkali effect, Nicolet, Shinn, 
and Saidel, 609 
Threonine, alkali effect, Nicolet, 
Shinn, and Saidel, 609 


Virus, rabbit papilloma, electro- 
phoresis, Sharp, Taylor, Beard, 
and Beard, 193 

Prothrombin: Blood plasma, 3,3’- 
methylenebis (4 - hydroxycou- 
marin), effect, Overman, Stah- 
mann, Sullivan, Huebner, Camp- 
bell, and Link, 941 

Protoporphyrin: IX, feces, normal and 
anemic rats, isolation, Schultze, 

SY 

Pseudoglobulin: Blood serum, de- 
naturation and reversal, Neurath, 
Cooper, and Erickson, 265 

GI, blood serum, electrophoresis, 

Sharp, Cooper,and Neurath, 203 

Pyridine: Triphospho-, nucleotide, 

determination, micro-, Haas, 

Harrer, and Hogness, 835 

Pyridoxine: Anemia from, Me Kibbin, 
Schaefer, Frost, and Elvehjem, 

77 

Determination, colorimetric, Scudi 
method, adaptation, Bird, Van- 
denbelt, and Emmett, 317 

Pyruvic acid: Liver, dissimilation, 
earbon dioxide fixation, Wood, 
Werkman, Hemingway, and Nier, 

31 
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Riboflavin: Deficiency, succinoxidase 
system, Azelrod, Potter, and 
Elvehjem, 85 
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Scarlet fever: Toxin, erythrogenic, 
isolation, electrophoretic, Krejci, 
Stock, Sanigar, and Kraemer, 

785 

,—, properties, Krejci, Stock, 
Sanigar, and Kraemer, 785 
—, purification, Stock, 777 

Seal: Muscle, metabolism, diving 
effect, Scholander, Irving, and 
Grinnell, 431 

Serine: Peanut proteins, Brown, 299 

Proteins, alkali effect, Nicolet, 
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